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PREFACE 
T h i s  r e p o r t  d e a l s  w i t h  a n  e c o l o g i c a l  p roblem o f  w a t e r  
q u a l i t y  s t u d i e s ,  namely t h e  b i o g e o c h e m i c a l  c y c l e s  o f  n u t r i e n t  
compounds and  t h e  mechanisms o f  t h e i r  t r a n s f o r m a t i o n  i n  w a t e r .  
S t u d y  r e s u l t s  p r e s e n t e d  h e r e  a r e  a  c o n t r i b u t i o n  w i t h i n  t h e  
framework o f  Task 2  "Env i ronmen ta l  Q u a l i t y  C o n t r o l  and  
Management", and e s p e c i a l l y  o f  S u b t a s k  2A " H y d r o p h y s i c a l  and 
E c o l o g i c a l  Models f o r  Water  Q u a l i t y "  i n  I IASA's  R e s o u r c e s  and  
Envi ronment  Area .  
The p a p e r  c o n t a i n s  t w o  complex e c o l o g i c a l  models  f o r  
s t u d y i n g  t h e  b i o c h e m i c a l  c y c l e s  o f  n i t r o g e n  and  oxygen .  
T h i s  s t u d y  was c o n d u c t e d  be tween  September  1 9 7 7  - A p r i l  1 9 7 8 .  
The o v e r a l l  p u r p o s e  o f  t h e  s t u d y  was t h e  e x a m i n a t i o n  o f  
e c o l o g i c a l  models  i n  o r d e r  t o  d e t e r m i n e  t h e  p o s s i b i l i t y  o f  
a p p l y i n g  t h e s e  models  t o  r e p r o d u c e  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  
n i t r o g e n  t r a n s f o r m a t i o n s  i n  v a r i o u s  w a t e r  e n v i r o n m e n t s .  Such 
o b s e r v a t i o n s  a r e  t h e  b a s i s  f o r  i d e n t i f i c a t i o n  o f  r a t e  c o n s t a n t s  
u s e d  i n  m a t h e m a t i c a l  models  o f  w a t e r  q u a l i t y .  
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ABSTRACT 
Ni t rogen  compounds a r e  i m p o r t a n t  b iogeochemical  s u b s t a n c e s  
t h a t  i n f l u e n c e  t h e  s t a t e  o f  w a t e r  q u a l i t y .  S i n c e  t r a n s f o r m a t i o n  
o f  n i t r o g e n  compounds i s  c a r r i e d  o u t  i n  v a r i o u s  w a t e r  
envi ronments  (sewage,  r i v e r ,  s e a  and l a k e  w a t e r s ) ,  it i s  
i m p o r t a n t  t o  know t h e  r a t e s  o f  t h e s e  p r o c e s s e s .  Mathemat ica l  
models were used f o r  t h i s  purpose .  
Models f o r  n i t r o g e n  compound t r a n s f o r m a t i o n ,  i n c l u d i n g  b o t h  
ve ry  s i m p l e ,  p u r e l y  chemical  models and complex e c o l o g i c a l  
models,  have a l r e a d y  been s t u d i e d  a t  IIASA ( R M - 7 8 - 3 4 ) .  I n  t h i s  
r e p o r t  r e s u l t s  from t h e  a p p l i c a t i o n  o f  o t h e r  complex e c o l o g i c a l  
models a r e  p r e s e n t e d .  
The 15odels a r e  c o n s t r u c t e d  u s i n g  t h e  p r i n c i p l e s  o f  b io -  
geocoenos i s  modeling.  The pr imary  o b j e c t i v e  o f  t h i s  paper  i s  
t o  make a  compara t ive  s t u d y  o f  t h e  s i m u l a t i o n  c a p a b i l i t i e s  o f  
d i f f e r e n t  n i t r o g e n  t r a n s f o r m a t i o n  models u s i n g  a  g i v e n  set  o f  
e x p e r i m e n t a l  d a t a .  Modeling r e s u l t s  o f  n i t r o g e n  t r a n s f o r m a t i o n  
a r e  compared w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  sewage, r i v e r ,  
s e a  and l a k e  w a t e r s .  Ni t rogen  t r a n s f o r m a t i o n s  a r e  i n t e r p r e t e d  
from t h e  e c o l o g i c a l  p o i n t  o f  view and a r e  d e f i n e d  by i n t e r a c t i o n s  
between d i f f e r e n t  microorganisms ( b a c t e r i a ,  phy top lank ton  and 
zoop lank ton)  and n i t r o g e n  compounds ( o r g a n i c  and m i n e r a l ) .  Two 
e c o l o g i c a l  models a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  I t  i s  shown 
t h a t  models c o n s t r u c t e d  on t h e  b a s i s  o f  b i o c h e m i c a l  compound 
t r a n s f o r m a t i o n s  have b r o a d e r  s i m u l a t i o n  c a p a b i l i t i e s  t h a n  s i m p l e  
models.  The model p r e s e n t e d  h e r e  shows good agreement  between 
obse rved  and p r e d i c t e d  n i t r o g e n  compound c o n c e n t r a t i o n s .  The 
model a l s o  p r o v i d e s  an e x p l a n a t i o n  o f  t h e  e f f e c t s  o f  n i t r o g e n  
t r a n s f o r m a t i o n s  on t h e  oxygen c o n t e n t  i n  w a t e r  env i ronments .  
However, a t  p r e s e n t  t h e  models d i s c u s s e d  c a n n o t  be  c o n s i d e r e d  
e n t i r e l y  adequa te  f o r  t h e  e c o l o g i c a l  p r o c e s s e s  which t h e y  
d e s c r i b e ,  a l though  t hey  reproduce i n  d e t a i l  t h e  n i t r o g e n  t r a n s -  
fo rmat ions  i n  v a r i o u s  wa te r s .  The absence o f  m u l t i - a s p e c t  
exper imenta l  o b s e r v a t i o n s ,  s p e c i f i c a l l y  c a r r i e d  o u t  f o r  
de te rmin ing  t h e  bounda r i e s  o f  model adequacy,  impedes t h e  
development o f  a p p l i e d  r e s e a r c h  on wa te r  q u a l i t y  modeling.  
The complex e c o l o g i c a l  models d i s c u s s e d  i n  t h i s  r e p o r t  can 
be used f o r  unde r s t and ing  p roces se s  o f  n i t r o g e n  t r a n s f o r m a t i o n s  
i n  d i f f e r e n t  wa t e r  environments .  A t  t h e  same t i m e ,  t h e s e  models 
can a l s o  be  a p p l i e d  f o r  c o n s t r u c t i n g  models o f  combined 
biogeochemical  c y c l e s  o f  carbon,  phosphorus and oxygen, and f o r  
s i m u l a t i n g  f u n c t i o n s  o f  a q u a t i c  ecosystems a s  w e l l  a s  f o r  
s t u d y i n g  v a r i o u s  a s p e c t s  o f  wa t e r  q u a l i t y .  
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A .  Leonov 
1 .  INTRODUCTION 
U n t i l  q u i t e  r e c e n t l y  s t u d i e s  on  w a t e r  q u a l i t y  and  s e l f -  
p u r i f i c a t i o n  o f  w a t e r  b o d i e s  u s e d  o n l y  g e n e r a l  i n t e g r a l  
c h a r a c t e r i s t i c s  f o r  d e s c r i b i n g  t h e  s t a t e  o f  w a t e r  q u a l i t y .  
The s t a t e  v a r i a b l e s  mos t  f r e q u e n t l y  u s e d  f o r  d e s c r i b i n g  t h e s e  
p r o c e s s e s  w e r e  t h e  c o n t e n t  o f  d i s s o l v e d  oxygen  and  b i o c h e m i c a l  
oxygen demand ( B O D ) .  The S t r e e t e r - P h e l p s  model s u g g e s t e d  i n  
1925 h a s  found  e x c e p t i o n a l l y  w ide  a p p l i c a t i o n .  T h i s  i s  due  t o  
t h e  f a c t  t h a t  t h i s  model d e s c r i b e s  t h e  oxygen  r e g i m e  b a l a n c e  
and i t s  dependence  o n  l a b i l e  o r g a n i c  m a t t e r  c o n t e n t  ( i n  u n i t s  
o f  B O D ) .  However, nowadays t h e  u s e  o f  t h i s  model c a n n o t  a lways  
b e  j u s t i f i e d .  The i n t e g r a l  c h a r a c t e r i s t i c s  a r e  less i n f o r m a t i v e  
b e c a u s e  o f  t h e  i n c r e a s i n g l y  complex  c o m p o s i t i o n  o f  t h e  p o l l u t a n t s .  
Thus ,  t h e s e  v a r i a b l e s  a r e  n o t  s u f f i c i e n t  f o r  s o l v i n g  e c o l o g i c a l  
p rob l ems  t h a t  o c c u r  w i t h  c h a n g e s  i n  t h e  s c a l e  a n d  n a t u r e  o f  t h e  
p o l l u t i o n .  
The main a im  o f  c u r r e n t  r e s e a r c h  i s  t o  a n a l y z e  b i o g e o c h e m i c a l  
c y c l e s  o f  e l e m e n t s  t h a t  c o m p r i s e  t h e  c o m p o s i t i o n  o f  l i v i n g  m a t t e r  
and  t h e  s o - c a l l e d  b i o p h y l i c ,  b i o g e n i c  o r  o r g a n o g e n i c  e l e m e n t s  
(Kovda, 1 9 7 5 ) .  I n  t h i s  r e s p e c t  t h e  mos t  i n t e r e s t i n g  s t u d i e s  t h a t  
c a n  b e  c a r r i e d  o u t  a r e  t h o s e  f o r  t h e  c a r b o n ,  n i t r o g e n ,  p h o s p h o r u s ,  
s u l p h u r  and oxygen c y c l e s ,  which can  be done e i t h e r  s e p a r a t e l y  
o r  i n  combinat ion  w i t h  e a c h  o t h e r .  The d i f f e r e n t  compounds o f  
t h e s e  e l e m e n t s  a r e  a l s o  a  s u b s t a n t i a l  p a r t  o f  t h e  p o l l u t a n t  
components o f  t h e  b i o s p h e r e  and t h u s  d e t e r m i n e  t h e  w a t e r  body 
s t a t u s  and t h e  q u a l i t y  o f  n a t u r a l  w a t e r s .  
Exper imenta l  s t u d i e s  on t h e  k i n e t i c s  o f  b i o p h y l i c  e l ement  
t r a n s f o r m a t i o n s  have been conducted  i n d e p e n d e n t l y  o f  e a c h  o t h e r .  
There e x i s t s  s c a t t e r e d  i n f o r m a t i o n  on t h e  s t u d y  o f  s e p a r a t e  
e l e m e n t s  and t h e  l i n k s  o f  t h e i r  common c y c l e s ;  t h e r e  have a l s o  
been s t u d i e s  on some problems o f  k i n e t i c s  and t r a n s f o r m a t i o n  
mechanisms o f  t h e s e  e l e m e n t s '  compounds, i n c l u d i n g  t h e i r  chemica l ,  
b iochemical  and b i o l o g i c a l  f e a t u r e s .  There  a r e  c o n s i d e r a b l e  
d i f f i c u l t i e s  i n  e s t i m a t i n g  c o r r e c t l y  t h e  t r a n s f o r m a t i o n  r a t e s  
o f  b i o g e n i c  e l ement  compounds b o t h  i n  n a t u r a l  and l a b o r a t o r y  
c o n d i t i o n s  owing t o  t h e  d i v e r s e  s p r e a d  o f  i n f o r m a t i o n .  I t  is 
mainly  due t o  t h i s  f a c t  t h a t  it is  s o  d i f f i c u l t  t o  r e v e a l  any 
i n t e r d e p e n d e n c e  between t h e  chemical  s t r u c t u r e  o f  t h e  m a t t e r ,  
k i n e t i c s  and mechanisms o f  t h e i r  t r a n s f o r m a t i o n  i n  w a t e r  
e c o l o g i c a l  sys tems ( P i t t e r  1 9 7 6 )  . 
P r e s e n t l y  t h e r e  a r e  t h r e e  a l m o s t  u n r e l a t e d  c l a s s i c a l  t r e n d s  
i n  t h e  s t u d y  o f  e l ement  t r a n s f o r m a t i o n :  
(i) k i n e t i c s  o f  d e c r e a s i n g  c o n c e n t r a t i o n s  o f  chemica l  
compounds ; 
(ii) k i n e t i c s  o f  u t i l i z a t i o n ,  and r e s e a r c h  on b iochemica l  
convers ion  o f  s u b s t r a t e s  by microorganisms;  and 
(iii) mechanisms c o n v e r t i n g  i n d i v i d u a l  compounds and t h e i r  
c l a s s i f i c a t i o n ,  i n c l u d i n g  t h e  d e t e r m i n a t i o n  o f  r a t e s  
and t h e  d e g r e e  o f  comple teness  o f  t h e  t r a n s f o r m a t i o n  
p r o c e s s e s .  
At tempts  have been made t o  g e n e r a l i z e  t h e  d a t a  on t h e s e  q u e s t i o n s  
by means o f  ma themat ica l  modeling.  I n  c o n n e c t i o n  w i t h  t h i s  
r e s e a r c h ,  t h e r e  i s  a l s o  a  need f o r  d e v e l o p i n g  mathemat ica l  models 
o f  chemical  m a t t e r  t r a n s f o r m a t i o n  i n  o r d e r  t o  p r e d i c t  t h e  s t a t e  
o f  a  w a t e r  body f o r  w a t e r  q u a l i t y  management purposes .  Moreover,  
t h e  problems o f  b o t h  t h e  p r o t e c t i o n  and r a t i o n a l  u s e  of  w a t e r  
r e s o u r c e s ,  and t h e  problems o f  modeling t h e  b road  b iogeochemical  
c o n d i t i o n  o f  w a t e r  b o d i e s  t h a t  a r e  exposed t o  p o l l u t i o n  a r e  
p a r t i c u l a r l y  r e l e v a n t .  
Ni t rogen  compounds a r e  some o f  t h e  most i m p o r t a n t  b io-  
geochemical  s u b s t a n c e s  t h a t  a f f e c t  t h e  b i o l o g i c a l  p r o d u c t i v i t y  
o f  n a t u r a l  w a t e r s .  The main n i t r o g e n  forms i n  n a t u r a l  w a t e r s  
t h a t  a r e  g e n e r a l l y  known a r e :  
-- d i s s o l v e d  molecu la r  n i t r o g e n  ( N 2 )  ; 
-- numerous o r g a n i c  n i t r o g e n  compounds, i n c l u d i n g  t h e  
p r o d u c t s  o f  decompos i t ion  from complex p r o t e i n s  t o  
s i m p l e  amino-acids;  
-- 
+ 
ammonium ( i n  t h e  form o f  NH3 and ammonium i o n s  N H q ) ;  
-- n i t r i t e  ( i n  t h e  form o f  n i t r i t e  i o n s  NO;) ; 
-- n i t r a t e  ( i n  t h e  form o f  n i t r a t e  i o n s  NO;). 
These n i t r o g e n o u s  compounds can  e n t e r  t h e  hydrosphere  a l o n g  
w i t h  a l l  k i n d s  o f  a n t h r o p o g e n i c  p o l l u t i o n  p r o d u c t s ;  t h e y  c a n  
a l s o  e n t e r  by n a t u r a l  means, mainly  th rough  f i x a t i o n  o f  
a tmospher ic  n i t r o g e n .  The p h y s i c a l ,  photochemical  and b a c t e r i a l  
mechanisms o f  a t m o s p h e r i c  n i t r o g e n  f i x a t i o n  may be  s u b d i v i d e d  
(Hutchinson,  1957) .  The b a c t e r i a l  f i x a t i o n  o f  m o l e c u l a r  n i t r o g e n  
i s  accompl ished most r e a d i l y .  The b iochemica l  p r o c e s s  o f  
molecu la r  n i t r o g e n  f i x a t i o n ,  a s s i m i l a t i o n  o f  i t s  s e p a r a t e  forms 
by microorganisms,  and d e n i t r i f i c a t i o n  d e t e r m i n e  t h e  c o n t e n t  
o f  n i t r o g e n  compounds i n  w a t e r .  
I n  t h e  p r o c e s s  o f  b i o l o g i c a l  t r a n s f o r m a t i o n ,  n i t r o g e n  
undergoes a  compl ica ted  c y c l e  o f  c o n s e c u t i v e  c o n v e r s i o n s ,  t h e  
r e s u l t s  o f  which a r e  bound t o  microorganism biomass,  t h e n  d i s -  
p e r s e d  and r e d i s t r i b u t e d  i n  t h e  form o f  o r g a n i c  and m i n e r a l  
components t h a t  comprise t h e  chemical  composi t ion  o f  t h e  w a t e r  
(Botan e t  a l ,  1960) .  
D i f f e r e n t  microorganisms ( b a c t e r i a ,  a l g a e  and p l a n t s )  
a s s i m i l a t e  t h e  o r g a n i c  n i t r o g e n  compounds o f  ammonium, n i t r i t e  
and n i t r a t e  i n  o r d e r  t o  m e e t  t h e i r  demand f o r  n i t r o g e n .  Ammonium 
n i t r o g e n  i s  one o f  t h e  p r o d u c t s  o f  o r g a n i c  m a t t e r  decompos i t ion  
by h e t e r o t r o p h i c  b a c t e r i a .  The n i t r i t e  i s  formed mainly  by 
b a c t e r i a l  o x i d a t i o n  o f  ammonium and by n i t r a t e  r e d u c t i o n .  The 
f i n a l  p r o d u c t  o f  t h e  n i t r o g e n  t r a n s f o r m a t i o n - - t h e  n i t r a t e - - i s  
fo rmed  m a i n l y  by  t h e  o x i d a t i o n  o f  ammonium a n d  n i t r i t e  by micro- 
o r g a n i s m s .  Some p a r t s  o f  t h e  n i t r i t e - n i t r o g e n  e n t e r s  t h e  
n a t u r a l  w a t e r  v i a  a t m o s p h e r i c  p r e c i p i t a t i o n  a n d  s u r f a c e  f l o w  
( H u t c h i n s o n ,  1 9 5 7 ) .  
The n i t r o g e n  bound i n  t h e  b i o m a s s  a n d  a s s i m i l a t e d  i n  t h e  
f o r m  o f  o r g a n i c  a n d  i n o r g a n i c  compounds c o n s i s t s  of p r o t e i n  
c o m p o s i t i o n s  a n d  o t h e r  b i o c h e m i c a l l y  i m p o r t a n t  c o m p o n e n t s  o f  
t h e  m i c r o o r g a n i s m  cel ls .  D u r i n g  t h e  o r g a n i s m s '  l i f e  a n d  d e c a y  
o r g a n i c  a n d  m i n e r a l  n i t r o g e n  compounds are r e l e a s e d .  
M i c r o o r g a n i s m s  consume n i t r o g e n  u n d e r  a b r o a d  s p e c t r u m  o f  
e n v i r o n m e n t a l  c o n d i t i o n s .  I n  some cases t h i s  p r o c e s s  i s  
a c c o m p a n i e d  by  c h a n g e s  of t h e  v a l e n t  s ta te  of t h e  n i t r o g e n ,  b u t  
t h i s  d o e s  n o t  a l w a y s  h a p p e n .  The v a l e n t  s t a t e  o f  n i t r o g e n  i n  
water media  c h a n g e s  i n  d i f f e r e n t  compounds f r o m  - 3  t o  +5 
( G o e r i n g ,  1 9 7 2 ) .  N i t r a t e - n i t r o g e n  as a f i n a l  p r o d u c t  o f  
m i n e r a l i z a t i o n  c a n  b e  u s e d  i n  a n a e r o b i c  c o n d i t i o n s  a s  a n  o x y g e n  
s o u r c e  a n d  e n e r g e t i c  s u b s t r a t e  f o r  b i o s y n t h e t i c  r e a c t i o n s  
( P a i n t e r ,  1 9 7 0 ) .  
S i n c e  t r a n s f o r m a t i o n s  o f  t h e  n i t r o g e n  compound o c c u r  i n  
d i f f e r e n t  w a t e r  e n v i r o n m e n t s  ( f r e s h  a n d  sea w a t e r ,  s e w a g e ,  e t c . )  
it i s  i m p o r t a n t  t o  know t h e  rates of t h e s e  p r o c e s s e s ,  a n d  t h e  
f e a s i b i l i t y  of t h e i r  c o n t r o l  a n d  management .  T h i s  i s  e s p e c i a l l y  
n e c e s s a r y  f o r  s t u d y i n g  t h e  e u t r o p h i c a t i o n  o f  n a t u r a l  w a t e r  a n d  
t h e  i m p a c t  of d i f f e r e n t  n i t r o g e n  compounds o n  t h e  b e h a v i o u r  o f  
a  n a t u r a l  e c o l o g i c a l  w a t e r  s y s t e m .  N a t u r a l  w a t e r  q u a l i t y  i s  t o  
a  g r e a t  e x t e n t  d e t e r m i n e d  by t h e  c o n t e n t  of  o r g a n i c  a n d  m i n e r a l  
n i t r o g e n  compounds.  The  h i g h  c o n t e n t  o f  o r g a n i c  n i t r o g e n  c a u s e s  
t h e  f o r m a t i o n  o f  a n a e r o b i c  c o n d i t i o n s ,  e s p e c i a l l y  n e a r  t h e  
i n t e r f a c e  o f  t h e  s e d i m e n t  a n d  w a t e r .  The i n c r e a s e  of m i n e r a l  
n i t r o g e n  compounds p r o m o t e s  t h e  e u t r o p h i c a t i o n  o f  w a t e r  b o d i e s  
( N i k o l a e v ,  1 9 7 5 ) ,  i . e .  e x c e s s i v e  a c c e l e r a t i o n  o f  b i o p r o d u c t i v e  
p r o c e s s e s  by e n r i c h i n g  water w i t h  b i o g e n i c  m a t t e r .  I n  some cases 
t h e  i n t e n s i f i c a t i o n  of e u t r o p h i c a t i o n  i s  d e t e r m i n e d  by t h e  
i n d u s t r i a l  a n d  d o m e s t i c  d i s c h a r g e s  of w a s t e w a t e r s ,  a n d  i n  o t h e r  
c a s e s  by  a  c h a n g e  i n  t h e r m a l  r e g i m e  c a u s e d  by  t h e r m a l  d i s c h a r g e s  
w h i c h  a c c e l e r a t e  t h e  t u r n o v e r  a n d  m o b i l i z a t i o n  o f  b i o g e n i c  
e l e m e n t s ,  e s p e c i a l l y  i n  t h e  u p p e r  e u p h o t i c  l a y e r .  
T h e o r e t i c a l  q u e s t i o n s  o f  n i t r o g e n  compound t r a n s f o r m a t i o n s  
c a u s e d  by m i c r o o r g a n i s m s  have  a l r e a d y  been  s t u d i e d  s u f f i c i e n t l y .  
C o n s i d e r a b l e  e m p i r i c a l  d a t a  o n  t h e  r e s e a r c h  o f  n i t r o g e n  compounds 
i n  n a t u r a l  w a t e r  a n d  t h e i r  t r a n s f o r m a t i o n  r a t e s  h a v e  been  
a c c u m u l a t e d .  T h e r e  a r e  t h o r o u g h  r e v i e w s  wh ich  h a v e  c o n t r i b u t e d  
much t o  r e s e a r c h  i n  t h e  f i e l d  o f  m i c r o b i o l o g i c a l  t r a n s f o r m a t i o n  
o f  n i t r o g e n  compounds i n  w a t e r  ( A l e x a n d e r ,  1965;  G o e r i n g ,  1972;  
Go l t e rman ,  1960; P a i n t e r ,  1970; Ruban, 1961;  Sharma,  A h l e r t ,  
1 9 7 7 ) .  The r e s u l t s  o f  t h e s e  s t u d i e s  are p a r t i a l l y  g e n e r a l i z e d  
i n  a  number o f  d e t a i l e d  s u r v e y s  d e v o t e d  t o  n i t r i f i c a t i o n  p rob lems  
a n d  t h e  e l u c i d a t i o n  o f  t h e  r o l e  o f  n i t r o g e n  i n  t h e  f u n c t i o n s  o f  
w a t e r  e c o l o g i c a l  s y s t e m s  ( C u r t i s  e t  a l ,  1975;  G o e r i n g ,  1972; 
Keeney, 1972; Leonov,  A j z a t u l l i n ,  1977;  M a r t i n ,  G o f f ,  1973;  
Sharma, A h l e r t ,  1 9 7 7 ) .  However, t h e  a v a i l a b l e  p u b l i c a t i o n s  do  
n o t  c o n s i d e r  t h e  mechanisms and  k i n e t i c s  o f  n i t r o g e n  compound 
t r a n s f o r m a t i o n  t h a t  h a v e  a l r e a d y  been  s t u d i e d  ( C u r t i s  e t  a l ,  1975; 
Round, 1 9 6 5 ) .  T h i s  f a c t  c o n s i d e r a b l y  l i m i t s  t h e  p o s s i b i l i t i e s  
f o r  b r o a d  a p p l i c a t i o n  o f  t h e  e x p e r i m e n t a l  d a t a  f o r  o p t i m i z a t i o n  
o f  t h e  p r o c e s s e s  o f  sewage  t r e a t m e n t ,  f o r  p r e d i c t i o n  o f  s e l f -  
p u r i f i c a t i o n  r a t e s  o f  n a t u r a l  w a t e r ,  a n d  f o r  p r o b l e m s  o f  w a t e r  
q u a l i t y  r e s e a r c h  (Leonov,  A j z a t u l l i n ,  1 9 7 7 ) .  
The main r e a s o n  f o r  t h e  c o m p l e x i t y  o f  t h i s  r e s e a r c h  l ies  i n  
t h e  f a c t  t h a t  p r a c t i c a l l y  a l l  t y p e s  o f  m i c r o o r g a n i s m s  ( a u t o t r o p h s ,  
h e t e r o t r o p h s ,  c h e m o a u t o t r o p h s )  t a k e  p a r t  i n  t h e  c o n v e r s i o n  p ro -  
cesses o f  n i t r o g e n  compounds. The c o n t e n t  o f  t h e  m i n e r a l  n i t r o g e n  
m a t t e r  depends  m a i n l y  o n  t h e  t r a n s f o r m a t i o n  rates  o f  o r g a n i c  
n i t r o g e n o u s  compounds by t h e  h e t e r o t r o p h i c  b a c t e r i a .  The t r a n s -  
f o r m a t i o n  p r o d u c t s  o f  some o r g a n i s m s  are u s e d  as a  food  s o u r c e  
a n d  e n e r g e t i c  s u b s t r a t e  f o r  o t h e r  o r g a n i s m s .  F o r  i n s t a n c e ,  t h e  
r e d u c e d  p r o d u c t  o f  h e t e r o t r o p h i c  m e t a b o l i s m  (ammonium) t a k e s  p a r t  
i n  t h e  t u r n o v e r  o f  t h e  c h e m o a u t o t r o p h i c  b a c t e r i a  s p e c i e s  
N i t ro somonas .  
Thus t h e  c o n c e n t r a t i o n  changes  o f  n i t r o g e n  compounds i n  
n a t u r a l  w a t e r  a r e  a  r e s u l t  o f  t h e  f o l l o w i n g  s i m u l t a n e o u s  b i o -  
c h e m i c a l  p r o c e s s e s :  
-- a c c u m u l a t i o n ,  e x c r e t i o n  and  u p t a k e  o f  t h e  o r g a n i c  
n i t r o g e n  components  by h e t e r o t r o p h i c  m i c r o o r g a n i s m s  
and  w a t e r  p l a n t s ;  
-- t h e  f e r m e n t a t i v e  h y d r o l y t i c  d e s t r u c t i o n  o f  p r o t e i n s  
and  p o l y p e p t i d e s  i n  s o l u t i o n  and  a s  p a r t i c u l a t e s ;  
-- t h e  b i o l o g i c a l  t r a n s f o r m a t i o n  o f  o r g a n i c  p a r t i c u l a t e  
n i t r o g e n  and l i v i n g  m a t t e r  n i t r o g e n ;  
-- t h e  f o r m a t i o n  o f  ammonium a t  t h e  d e - a m i n a t i o n  p r o c e s s e s  
o f  d i s s o l v e d  a n d  c e l l u l a r  o r g a n i c  m a t t e r ;  
-- t h e  o x i d a t i o n  o f  ammonium, n i t r i t e ,  and  i n t e r m e d i a t e  
p r o d u c t s  by  a u t o t r o p h i c  n i t r i f y i n g  o r g a n i s m s ;  
-- t h e  a s s i m i l a t i o n  o f  ammonium, n i t r i t e  a n d  n i t r a t e  b y  
a u t o t r o p h i c  a s  w e l l  a s  h e t e r o t r o p h i c  b a c t e r i a ;  
-- t h e  r e d u c t i o n  o f  n i t r i t e  and  n i t r a t e  by  d e n i t r i f y i n g  
o r g a n i s m s ,  e s p e c i a l l y  i n  b o t t o m  s e d i m e n t s ;  
-- t h e  f i x a t i o n  o f  a t m o s p h e r i c  n i t r o g e n  by w a t e r  p l a n t s  
and  b a c t e r i a ;  
( A l e x a n d e r ,  1965; Botan  e t  a l ,  1960; C u r t i s  e t  a l ,  1975; G o e r i n g ,  
1972; Go l t e rman ,  1960; I e r u s a l i m s k y ,  1963; Keeney, 1972; Leonov, 
A j z a t u l l i n ,  1977; M a r t i n ,  Gof f ,  1975; P a i n t e r ,  1970; S h a r n a ,  
A h l e r t ,  1 9 7 7 ) .  
Knowledge o f  t h e  r a t e s  o f  a l l  c h a i n  and s e p a r a t e  t r a n s -  
f o r m a t i o n  s t a g e s  o f  n i t r o g e n o u s  m a t t e r  o b t a i n e d  f rom e x p e r i m e n t a l  
l a b o r a t o r y  s t u d i e s  i s  f r a g m e n t a r y .  G e n e r a l l y ,  t h e  r a n g e  o f  t h e  
r a t e s  o f  o n l y  two p r o c e s s e s  have  been  s u f f i c i e n t l y  s t u d i e d :  
consumpt ion  and  r e g e n e r a t i o n  o f  n i t r o g e n  compounds by a l g a e  w i t h  
r e s p e c t  t o  p r i m a r y  p r o d u c t i v i t y ;  and  n i t r i f i c a t i o n ,  i n  c o n n e c t i o n  
w i t h  w a t e r  q u a l i t y  p rob lems  (Leonov,  A j  z a t u l l i n ,  1977)  . 
I n  a  w a t e r  e c o s y s t e m  t h e  o x i d a t i v e  t r a n s f o r m a t i o n  o f  a  
number o f  i n t e r m e d i a t e  n i t r o g e n o u s  products--hydroxylamine, 
dihydroxyammonium, n i t r o x y l ,  h y p o n i t r i t e - - i s  r e l a t i v e l y  f a s t  
(Ruban, 1 9 6 1 ) .  F o r  example  i n  n a t u r a l  w a t e r  hydroxy lamine ,  a 
f i r s t  p r o d u c t  o f  ammonium t r a n s f o r m a t i o n  ( A l e x a n d e r ,  1965)  , i s  
o x i d i z e d  a t  2 5 O ~  i n  2-3 h o u r s  ( F i a d e i r o  e t  a l ,  1 9 6 7 ) .  O x i d a t i o n  
o f  ammonium and  n i t r i t e  o c c u r  s l o w l y .  These  r e a c t i o n s  l i m i t  t h e  
g e n e r a l  r a t e s  o f  t h e  n i t r o g e n  compound t r a n s f o r m a t i o n s .  Two 
p o p u l a t i o n s  o f  c h e m a u t o t r o p h i c  b a c t e r i a  f u l f i l  t h e  o x i d a t i o n  o f  
ammonium and  n i t r i t e :  
N i t ro somonas  N H ~  + 1  . 502 -+NO; (+ 59.4 k c a l . / m o l )  ; 
N i t r o b a c t e r  NO; + 0.502  4 ~ ~ 0 ;  (+ 1 8  k c a l . / m o l )  
These  t w o  s t a g e s  a r e  t a k e n  i n t o  a c c o u n t  w h i l e  m o d e l i n g t h e  
n i t r o g e n  c y c l e  i n  w a t e r .  I t  h a s  been s u g g e s t e d  t h a t  t h e  o x i d a t i o n  
o f  ammonium a n d  n i t r i t e  o c c u r s  by f e r m e n t a t i o n ,  e a c h  r e s p e c t i v e  
f e r m e n t a t i o n  b e i n g  c l o s e l y  c o n n e c t e d  w i t h  t h e  c e l l  s t r u c t u r e s  o f  
t h e  c h e m o a u t o t r o p h i c  b a c t e r i a  where  t h e s e  b a c t e r i a  a r e  p r e s e n t  
i n  s m a l l  q u a n t i t i e s  i n  t h e  s o l u t i o n  (Ruban, 1961 ) . 
The p r i n c i p a l  a p p r o a c h  t o  model ing  t h e  t r a n s f o r m a t i o n  o f  
s e p a r a t e  n i t r o g e n  compounds i s  g e n e r a l i z e d  i n  t h e  r e v i e w  by 
Leonov and  A j z a t u l l i n  ( 1 9 7 7 ) .  The v e r y  f i r s t  models  o f  n i t r o g e n  
compound t r a n s f o r m a t i o n s  i n c l u d e d  s e p a r a t e  and  unconnec ted  s i m p l e  
r e a c t i o n s  o f  f i r s t  o r d e r ,  s u c h  a s  a r e  u s e d  f o r  d e s c r i b i n g  o r g a n i c  
n i t r o g e n  o x i d a t i o n  t o  ammonium ( t h e  a m m o n i f i c a t i o n  s t a g e )  o r  
ammonium o x i d a t i o n  t o  n i t r a t e  ( t h e  n i t r i f i c a t i o n  s t a g e )  
(Maksimova, 1972;  S k o p i n t s e v ,  1938; S k o p i n t s e v ,  Brook,  1 9 4 0 ) .  
M a t h e m a t i c a l  mode l ing  o f  t h e  u t i l i z a t i o n  o f  m i n e r a l  n i t r o g e n o u s  
s o u r c e s  by p h y t o p l a n k t o n  and  n i t r i f y i n g  b a c t e r i a  employs  
Michae l i s -Menten  and  Monod k i n e t i c  e x p r e s s i o n s .  The a p p l i c a -  
b i l i t y  o f  t h e s e  models  i n  s o l v i n g  w a t e r  q u a l i t y  p rob lems  i s  
r a t h e r  l i m i t e d  a n d  t h e r e f o r e  t h e  r e s u l t s  o b t a i n e d  f rom c a l c u l a -  
t i o n s  f o r  any so r t  o f  p r e d i c t i o n  s h o u l d  b e  r e g a r d e d  w i t h  c a u t i o n  
u n l e s s  a d e q u a t e  bounds f o r  s u c h  s i m p l e  models  a r e  e s t a b l i s h e d  
(Leonov, A j z a t u l l i n ,  1 9 7 7 ) .  
R e c e n t l y ,  due  t o  t h e  deve lopmen t  o f  s y s t e m s  s t u d i e s ,  more 
c o m p l i c a t e d  m a t h e m a t i c a l  models  have  been  u s e d  f o r  t h e  r e s e a r c h  
o f  n i t r o g e n  compound t r a n s f o r m a t i o n s .  Some o f  t h e  schemes f o r  
model ing  n i t r o g e n  compound t r a n s f o r m a t i o n s  a r e  shown i n  T a b l e  1 .  
Schemes 1-3 d e s c r i b e  t h e  t r a n s f o r m a t i o n  o f  n i t r o g e n  compounds a s  
a  s e q u e n c e  o f  f i r s t - o r d e r  r e a c t i o n s  ( A j z a t u l l i n ,  1967; Anderson  
e t  a l ,  1976; Bronfman, I l j c h e v ,  1976; Miyake,  Wada, 1 9 6 8 ) .  They 
d i f f e r  o n l y  i n  t h e  number  o f  c o m p o n e n t s  t a k e n  i n t o  a c c o u n t .  
S i m p l e  t r a n s f o r m a t i o n  m o d e l s  of n i t r o g e n  compounds  p r e s e n t e d  
i n  t h e  f o r m  o f  f i rs t  o r d e r  c h e m i c a l  e q u a t i o n s  (Maksimova,  1972 ;  
S k o p i n t s e v ,  1938;  S k o p i n t s e v ,  B r o o k ,  1 9 4 0 ) ,  a s  w e l l  as  e q u a t i o n s  
f o r  s e q u e n t i a l  c o n v e r s i o n  o f  n i t r o g e n  compounds  ( A j z a t u l l i n ,  1 9 6 7 ;  
A n d e r s o n  e t  a l ,  1976;  Bronfman,  I l j c h e v ,  1976 ;  Miyake ,  Wada, 
1 9 6 8 ) ,  h a v e  b e e n  based o n  p u r e l y  c h e m i c a l  c o n s i d e r a t i o n s .  However,  
t h e s e  s i m p l i f i e d  m o d e l s  c a n n o t  c o v e r  a l l  t he  e x p e r i m e n t s  o n  
n i t r o g e n  compound t r a n s f o r m a t i o n s .  M i c r o o r g a n i s m s  w h i c h  u t i l i z e  
o r g a n i c  a n d  m i n e r a l  n i t r o g e n  compounds h a v e  a s i g n i f i c a n t  
i n f l u e n c e  o n  t h e  k i n e t i c s  of n i t r o g e n  compound t r a n s f o r m a t i o n s .  
H e t e r o t r o p h i c  bac te r ia  consume o r g a n i c  n i t r o g e n  compounds  w h i l e  
a u t o t r o p h i c  bacter ia  consume m i n e r a l  compounds .  
I n  a l l  t h e  a b o v e - m e n t i o n e d  m o d e l s  it  i s  p r e s u m e d  t h a t  t h e  
c o n c e n t r a t i o n s  of b a c t e r i a  r e s p o n s i b l e  f o r  n i t r o g e n  compound 
t r a n s f o r m a t i o n  are i n v a r i a b l e  a n d  t h e i r  b i o m a s s e s  are  i n c l u d e d  
i n  t h e  v a l u e s  o f  rate  c o n s t a n t s .  However,  t h e  c o n c e n t r a t i o n s  
o f  m i c r o o r g a n i s m s  t h a t  o x i d i z e ,  f o r  e x a m p l e ,  ammonium a n d  n i t r i t e  
may c h a n g e  i n  t h e  p r o c e s s e s  o f  bacter ia l  d e v e l o p m e n t  by  2-3 
o r d e r s  o f  m a g n i t u d e  (DeMarco e t  a l ,  1 9 6 7 ,  M i y a k e ,  Wada, 1 9 6 8 ) .  
I t  i s  e s s e n t i a l  t h a t  t h e  c o n v e r s i o n  a c t i v i t y  o f  m i c r o o r g a n i s m s  
i s  v a r i a b l e .  
M a t h e m a t i c a l  m o d e l s  w h i c h  t a k e  i n t o  a c c o u n t  bacter ia l  g r o w t h  
( s c h e m e s  9 ,  1 0 ,  1 1 )  ( A j z a t u l l i n ,  Leonov ,  1 9 7 5 a ,  b;  Leonov ,  
A j z a t u l l i n ,  1 9 7 5 a ,  b)  a r e  c a p a b l e  o f  p r e s e n t i n g  a d e t a i l e d  p i c t u r e  
o f  t h e  d y n a m i c s  o f  n i t r o g e n  compound t r a n s f o r m a t i o n s  a s  o b s e r v e d  
i n  d i f f e r e n t  w a t e r s  ( l a k e ,  sea w a t e r  a n d  s e w a g e ) .  
E c o l o g i c a l  b a l a n c e  m o d e l s  ( D u g d a l e ,  1 9 6 7 ;  L e b e d e v ,  1 9 6 7 )  
d e s c r i b e  t h e  t u r n o v e r  o f  n i t r o g e n  o n l y  i n  a g e n e r a l  way a n d  are  
t h e r e f o r e  n o t  c o n s i d e r e d  i n  t h i s  r e p o r t .  T h e  e c o l o g i c a l  m o d e l s  
t h a t  t a k e  i n t o  a c c o u n t  t h e  i n t e r a c t i o n  o f  p h y t o p l a n k t o n  a n d  
z o o p l a n k t o n  o n  m i n e r a l  n i t r o g e n o u s  matter c o n v e r s i o n s  ( s c h e m e s  
4 / P e n u m a l l i  e t  a l ,  1976;  5 / I k e d a ,  A d a c h i ,  1976 ;  6 / D u g d a l e ,  G o e r i n g ,  
1967;  7 / G o e r i n g ,  1972 ;  8 / N a j a r i a n ,  H a r l e m a n ,  1975  i n  T a b l e  1 )  
d e s c r i b e  n i t r o g e n  compound t r a n s f o r m a t i o n s  i n  a  c o m p a r a t i v e l y  
s i m p l e  f a s h i o n .  T h i s  i s  a lso  t r u e  f o r  m o d e l s  t h a t  c o v e r  a more 
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d i v e r s e  composi t ion  o f  media components (schemes 12/Goering,  
1972; and 13/Thomann e t  a l ,  1974) .  These models have  been 
a p p l i e d  i n  s t u d y i n g  e u t r o p h i c a t i o n  and p r o c e s s  o f  w a t e r  q u a l i t y  
fo rmat ion .  The s i m u l a t i o n  c a p a b i l i t i e s  o f  such  models i s  
i n c r e a s e d  when t h e  i n f l u e n c e  o f  t e m p e r a t u r e  and l i g h t  i n t e n s i t y  
on t h e  a c t i v i t y  o f  phy top lank ton  i s  i n c l u d e d .  However, f o r  
s t u d y i n g  t h e  dynamics o f  a  w a t e r  e c o l o g i c a l  s y s t e m  it i s  
i m p o r t a n t  t h a t  t h e  chemica l  and b i o l o g i c a l  e l e m e n t s  r e s p o n s i b l e  
f o r  t h e  n i t r o g e n  compound c o n v e r s i o n s  a r e  i n c l u d e d  i n  t h e  
r e l e v a n t  models.  Hence t h e  problems o f  d e s c r i b i n g  t h e  k i n e t i c s  
o f  t h e  v a r i o u s  s t a g e s  o f  m i c r o b i o l o g i c a l  o x i d a t i o n  and t r a n s -  
fo rmat ion  o f  n i t r o g e n  compounds s h o u l d  be s o l v e d  a t  a  chemical -  
e c o l o g i c a l  l e v e l .  I t  i s  a l s o  n e c e s s a r y  t o  t a k e  i n t o  c o n s i d e r a t i o n  
t h e  v a r i o u s  i n t e r a c t i o n s  between t h e  main n i t r o g e n  compounds and 
p o p u l a t i o n s  o f  microoryanisms.  
S i n c e  some a t t e m p t s  a t  modeling t h e  m i c r o b i o l o g i c a l  n i t r o g e n  
compound t r a n s f o r m a t i o n s  ( A j z a t u l l i n ,  Leonov, 1975a, b; Leonov, 
A j z a t u l l i n ,  1975a, b)  and pr imary  p r o d u c t i v i t y  p r o c e s s e s  (Dugdale,  
Goering,  1967; Goer ing ,  1972; N a j a r i a n ,  Harleman, 1975; Thomann 
e t  a l ,  1974) have a l r e a d y  been made, it i s  o b v i o u s l y  i n t e r e s t i n g  
t o  combine t h e s e  two independen t  t r e n d s .  
A t  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems A n a l y s i s  
(IIASA) i n  t h e  "Resources  and Environment Area"  r e s e a r c h  on 
s e v e r a l  d i f f e r e n t  problems o f  w a t e r  r e s o u r c e s  p r o t e c t i o n  a r e  be ing  
conducted .  T h i s  i n c l u d e s  t h e  s t u d i e s  on t h e  e c o l o g i c a l  con- 
sequences  o f  i n c r e a s i n g  p o l l u t a n t  d i s c h a r g e s ,  on e u t r o p h i c a t i o n ,  
on s e l f - p u r i f i c a t i o n  p r o c e s s e s ,  and s o  f o r t h .  Under t h e  d i r e c t  
s u p e r v i s i o n  o f  P r o f .  O . F .  V a s i l i e v ,  who i s  t h e  Corresponding 
Member o f  t h e  USSR Academy o f  S c i e n c e s ,  t h e  Leader  o f  t h e  
Resources and Environment Area,  and t h e  Deputy D i r e c t o r  o f  IIASA, 
r e s e a r c h  on modeling t h e  b iogeochemical  n i t r o g e n  c y c l e  h a s  been 
conducted a t  IIASA between September 1977 and March 1978. 
Mathematical  models f o r  t h e  n i t r o g e n  compound t r a n s f o r m a t i o n ,  
i n c l u d i n g  b o t h  t h e  most s i m p l e ,  p u r e l y  chemical  models ,  and 
e c o l o g i c a l  models f o r  t h e  d i f f e r e n t  microorganisms,  have been 
s t u d i e d  by Harleman ( 1 9 7 8 ) .  H e  used k i n e t i c  e x p r e s s i o n s  o f  t h e  
Michaelis-Menten and Monod t y p e  f o r  d e s c r i b i n g  t h e  microorganism 
dynamics. I n  t h i s  p a p e r  e c o l o g i c a l  models c o n s t r u c t e d  a c c o r d i n g  
t o  t h e  p r i n c i p l e s  o f  b iogeocoenos i s  modeling ( P o l e t a e v ,  1 9 6 8 ) ,  
wi th  modi f i ed  Michaelis-Menten and Monod k i n e t i c s ,  a r e  p r e s e n t e d .  
These models were developed from t h e  s y n t h e s i s  o f  a  l a r g e  amount 
o f  i n f o r ma t ion  abou t  microorganism behav io r  i n  o r d e r  t o  e x p l a i n  
and t o  e x p l o r e  a  number o f  hypo theses  abou t  n i t r o g e n  t r a n s -  
fo rmat ions .  Th i s  paper  p r e s e n t s  t h e  r e s u l t s  o f  t h e  examina t ion  
o f  models w i t h  modi f i ed  e x p r e s s i o n s  f o r  d e s c r i b i n g  t h e  up t ake  
o f  n u t r i e n t s  by p l a n k t o n i c  organisms.  R e s u l t s  o f  model compari- 
sons  w i t h  expe r imen t a l  o b s e r v a t i o n s  on t h e  n i t r o g e n  t r a n s f o r m a t i o n s  
i n  d i f f e r e n t  wa t e r  environments  a r e  d i s c u s s e d .  
2. MODELING CONCEPTS 
C ur r en t  knowledge i n  eco logy  does  n o t  a s  y e t  g i v e  a  complete  
e x p l a n a t i o n  o f  w a t e r  ecosys tems behav ior .  The p r imary  purpose  
o f  t h i s  r e p o r t  i s  t o  p r e s e n t  mathemat ica l  models f o r  t h e  
d e s c r i p t i o n  o f  b iogeochemical  n i t r o g e n  t r a n s f o r m a t i o n s  i n  a e r o b i c  
c o n d i t i o n s .  Unders tanding t h e s e  t r a n s f o r m a t i o n s  i n c l u d e s  
examinat ion o f  t h e  b a s i c  p r o c e s s e s  a s  t h e y  o c c u r  s imu l t aneous ly .  
Th i s  s t udy  a l s o  i n c l u d e s  an examina t ion  o f  r e l a t i o n s h i p s  and 
i n t e r a c t i o n s  between t h e  main n i t r o g e n  components, improvement 
o f  t h e  e x p r e s s i o n s  f o r  d e s c r i p t i o n  o f  n i t r o g e n  t r a n s f o r m a t i o n s  
and f i n a l l y  t h e  s t u d y  o f  p o s s i b l e  model a p p l i c a t i o n s  f o r  
ana lyz ing  e c o l o g i c a l  p r o c e s s e s  i n  sys tems under  c o n t r o l l e d  
l a b o r a t o r y  c o n d i t i o n s ,  such  a s  chemosta t  o r  ba t ch  sys tems .  
An examina t ion  o f  models i s  neces sa ry  f o r  r e c e i v i n g  t h e  
answers t o  many q u e s t i o n s  r a i s e d  i n  r e l a t i o n  t o  d i s c u s s i o n s  
concern ing  t h e  advan tages  and d i s a d v a n t a g e s  o f  e c o l o g i c a l  models 
o f  g r e a t  complexi ty .  These models d e s c r i b e  t h e  dynamics o f  
b i o l o g i c a l  p o p u l a t i o n s  and t h e i r  i n t e r a c t i o n s  w i t h  env i ronmenta l  
f a c to r s - - t empe ra tu r e ,  l i g h t ,  n u t r i e n t s ,  e t c .  E c o l o g i c a l  models 
a l s o  d e s c r i b e  t h e  main f u n c t i o n s  o f  microorganisms t h a t  d e f i n e  
t h e  metabolism o f  t h e  p o p u l a t i o n  and t h e i r  e f f e c t s  on t h e  w a t e r  
environment.  Var ious  e m p i r i c a l  f u n c t i o n s  a r e  used f o r  modeling 
microorganism dynamics. They i n c l u d e  a  number o f  v a r i a b l e s ,  
c o n s t a n t s  and s p e c i f i c  pa r ame te r s .  The re fo r e  it i s  n e c e s s a r y  t o  
unders tand bo th  what t h e  b e n e f i t s  a r e  of  i n c r e a s i n g  t h e  number 
o f  s t a t e  v a r i a b l e s ,  and consequen t l y  t h e  number o f  model 
p a r a m e t e r s ,  and how a  r e a s o n a b l e  c h o i c e  o f  model s t r u c t u r e  can  
be made i n  r e l a t i o n  t o  w a t e r  q u a l i t y  s t u d i e s .  
I n  t h i s  r e p o r t ,  t h e  b a s i c  p r i n c i p l e s  o f  b i o g e o c o e n o s i s  
s i m u l a t i o n  a r e  used f o r  d e s c r i b i n g  t h e  dynamics o f  b i o l o g i c a l  
p o p u l a t i o n s .  Among t h e  f u n c t i o n s  o f  t h e  microorganisms s u b s t r a t e  
up take ,  m e t a b o l i c  e x c r e t i o n ,  and m o r t a l i t y  a r e  c o n s i d e r e d  o f  
major  impor tance  and e s p e c i a l l y  s o  from t h e  e c o l o g i c a l  p o i n t  o f  
view. T h i s  i s  because  t h e s e  f u n c t i o n s  r e f l e c t  i n t e r a c t i o n s  
between t h e  p o p u l a t i o n s  and t h e  w a t e r  envi ronment  and d e f i n e  
t h e  b iogeochemical  c y c l i n g  o f  chemical  e l e m e n t s  i n  t h e  w a t e r .  
I t  i s  assumed t h a t  s p e c i f i c  up take  r a t e s  o f  n u t r i e n t s  by micro- 
organisms r e g u l a t e  t h e  r a t e s  o f  t h e i r  m e t a b o l i c  e x c r e t i o n  and 
m o r t a l i t y .  
The models have been c o n s t r u c t e d  on t h e  b a s i s  o f  conse rva -  
t i o n  mass law. T h i s  means t h a t  t h e r e  i s  a  s t r i c t  b a l a n c e  between 
t h e  v a l u e s  o f  microorganism biomass and n u t r i e n t  c o n c e n t r a t i o n s  
i n  t h e  w a t e r  envi ronment .  Reac t ion  k i n e t i c  e x p r e s s i o n s  r e f l e c t  
t h e  r e l e v a n t  i n t e r a c t i o n s  between t h e  chemical  and b i o l o g i c a l  
components, i . e .  t h e y  r e l a t e  r a t e s  o f  microorganism s u b s t r a t e  
up take ,  m e t a b o l i c  e x c r e t i o n  and m o r t a l i t y  t o  t h e  n u t r i e n t  
c o n t e n t  i n  t h e  w a t e r .  
The r a t e s  o f  e c o l o g i c a l  p r o c e s s e s  a r e  d e f i n e d  by numerous 
f a c t o r s  t h a t  o p e r a t e  s i m u l t a n e o u s l y .  I n  c o n s t r u c t i n g  mathemat ica l  
models f o r  microorganism dynamics t h e  maximum growth r a t e  o f  
t h e  microorganisms o r  t h e  maximum up take  r a t e  o f  n u t r i e n t s  by 
microorganisms a r e  u s u a l l y  c o n s i d e r e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  
The e f f e c t s  o f  o t h e r  f a c t o r s  t h a t  r educe  t h e  maximum r a t e s  
mentioned above a r e  t a k e n  i n t o  a c c o u n t  a s  a d i m e n s i o n l e s s  f r a c t i o n  
v a r y i n g  between 0 and 1 .  The i n f l u e n c e s  o f  env i ronmenta l  f a c t o r s  
a r e  d e r i v e d  i n d e p e n d e n t l y  o f  e a c h  o t h e r .  I t  h a s  been assumed 
t h a t  p l a n k t o n  growth i s  l i m i t e d  by t e m p e r a t u r e ,  l i g h t  and 
n u t r i e n t s ,  w h i l e  b a c t e r i a l  growth i s  de te rmined  by t e m p e r a t u r e  
and n u t r i e n t  c o n t e n t .  
Two mathemat ica l  models o f  n i t r o g e n  t r a n s f o r m a t i o n  a r e  
p r e s e n t e d  i n  t h i s  r e p o r t .  They a r e  f o r m u l a t e d  a s  coup led ,  
o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s  r e p r e s e n t i n g  most o f  t h e  n i t r o g e n  
compounds o f  i n t e r e s t  i n  water q u a l i t y  s t u d i e s .  Oxygen was also 
t a k e n  i n t o  a c c o u n t  i n  t h e  models  as o n e  o f  t h e  i m p o r t a n t  i n t e g r a l  
c h a r a c t e r i s t i c s  o f  w a t e r  q u a l i t y .  A d e s c r i p t i o n  o f  a l l  t h e  k i n e t i c  
e q u a t i o n s  f o r  t h e  two models  c o n s i d e r e d  i s  p r e s e n t e d  below. 
3 .  DESCRIPTION OF MODEL NO. 1 
One o f  t h e  i m p o r t a n t  p u r p o s e s  o f  mode l ing  n i t r o g e n  t r a n s -  
f o r m a t i o n  i s  t o  u n d e r s t a n d  t h e  ro le  o f  p l a n k t o n  o r g a n i s m s ,  t h a t  
is  p h y t o p l a n k t o n  and z o o p l a n k t o n  i n  p a r t i c u l a r ,  i n  changes  o f  
c o n c e n t r a t i o n  i n  b o t h  o r g a n i c  and  m i n e r a l  n i t r o g e n  compounds. 
S t i l l ,  it i s  d i f f i c u l t  t o  c h a r a c t e r i z e  q u a n t i t a t i v e l y  t h e  
l i m i t i n g  i n f l u e n c e  o f  b i o g e n i c  e l e m e n t s  on  p l a n k t o n  o r g a n i s m s  
i n  f i e l d  c o n d i t i o n s .  T h e r e f o r e ,  when c o n s i d e r i n g  n i t r o g e n  
t r a n s f o r m a t i o n  i n  w a t e r  s p e c i a l  a t t e n t i o n  h a s  been  g i v e n  t o  
model ing  t h e  i n t e r a c t i o n  between p l a n k t o n  o r g a n i s m s  a n d  t h e  
complex sys t em o f  f o o d  s o u r c e s .  T h i s  problem i s  o f t e n  s t u d i e d  
i n  model ing  e u t r o p h i c a t i o n .  
The s t a t e  v a r i a b l e s  chosen  f o r  t h i s  model a r e  t w o  popu la -  
t i o n s  o f  p l a n k t o n  o r g a n i s m s ;  m i n e r a l  forms o f  nitrogen--ammonium, 
n i t r i t e  and  n i t r a t e ;  d i s o l v e d  o r g a n i c  n i t r o g e n ;  n i t r o g e n o u s  
d e t r i t u s ,  and oxygen.  F i g u r e  1 i n c l u d e s  t h e s e  s t a t e  v a r i a b l e s  
and  a r r o w s  c o n n e c t i n g  t h e s e  v a r i a b l e s  show t h e  r e l a t i o n s h i p s  
which a r e  modeled.  
T h i s  model d i f f e r s  f rom t h e  model c o n s t r u c t e d  by N a j a r i a n  
* 
and Harleman ( 1  9 7 5 )  . F i r s t l y ,  t h e  model c o n s i d e r e d  h e r e  t a k e s  
i n t o  a c c o u n t  a  l a r g e r  number o f  n i t r o g e n  f o o d  s o u r c e s  f o r  
p l a n k t o n  o r g a n i s m s .  Second ly ,  t h e  m e t a b o l i s m s  o f  t h e  p l a n k t o n  
were d e s c r i b e d  by d i f f e r e n t  e x p r e s s i o n s .  T h i r d l y ,  oxygen was 
i n t r o d u c e d  i n t o  t h e  model i n  o r d e r  t o  s t u d y  t h e  n i t r o g e n  t r a n s -  
f o r m a t i o n  e f f e c t s  on t h e  oxygen reg ime.  
The model c o n s i d e r e d  s t u d i e s  t h e  n i t r o g e n  t r a n s f o r m a t i o n  
i n  b a t c h  o r  c h e m o s t a t  s y s t e m s .  The water volume i n  t h e  
* Scheme 7 i n  T a b l e  1 .  
Figure 1.  The block-scheme of the compound associations for Model 1. 
PL1, PL2 - the biomass of  he first and second plankton groups 
DON - dissolved organic nitrogcn 
NH4. NO2, NO3 - the mineral nitrogen compounds: 
arnrnoni~lm, nitrite and ni traLe 
ND - nitrogenous delrilus 
O2  - dissolved oxygcn 
e x p e r i m e n t a l  sys tem i s  s e t  by t h e  pa ramete r  V. The i n p u t  r a t e  
o f  compounds f o r  t h e  chemos ta t  sys tem i s  se t  by p a r a m e t e r  Q ( f o r  
a b a t c h  sys tem Q = 0 ) .  
3.1 P l a n k t o n  community 
I t  i s  c o n s i d e r e d  t h a t  t h e  p l a n k t o n  community i s  d i v i d e d  
i n t o  two groups .  I d e n t i f i c a t i o n  o f  o rgan i sms  from t h e  f i r s t  
p l a n k t o n  group (PL1) h a s  n o t  been made h e r e .  Any p l a n k t o n  
o rgan i sms ,  such  a s  zooplankton,  p r o t o z o a  and c e r t a i n  s p e c i e s  o f  
phy top lank ton  can be  c o n s i d e r e d  i n  t h i s  group.  T h e r e f o r e  a l l  
n i t r o g e n  compounds may be  c o n s i d e r e d  a s  p o t e n t i a l  food s o u r c e s  
f o r  t h i s  p o p u l a t i o n .  C o r r e c t i o n s  i n  t h e  scheme o f  f e e d i n g  t h i s  
p l a n k t o n  group may be made l a t e r  when it  i s  c l e a r  which popula-  
t i o n  i s  i d e n t i f i e d .  
The second group o f  p l a n k t o n  o rgan i sms  c o n s i d e r e d  (PL2) a r e  
phy top lank ton .  Growth o f  p l a n k t o n  o rgan i sms  from b o t h  g roups  
i s  c o n t r o l l e d  by t h e  i n s t a n t a n e o u s  r a t e s  o f  food u p t a k e ,  
m e t a b o l i c  e x c r e t i o n ,  m o r t a l i t y  and g r a z i n g .  These p l a n k t o n  
organisms have been modeled s e p a r a t e l y  because  t h e i r  f u n c t i o n s  
d i f f e r  g r e a t l y .  The b a s i c  e q u a t i o n s  f o r  t h e  growth o f  p l a n k t o n  
organisms from t h e  two g roups  a r e :  
dPL2 - 
- -  
d t  (UP2 - L 2  - S 2 )  PL2 - P l ~ ~ 2  PL1 - ( Q / V )  ( P L 2  - P L ~ O )  ( 2 )  
where 
PL1 and PL2 a r e  b iomasses  i n  mgN/!L o f  t h e  f i r s t  and second 
p l a n k t o n  group;  
U P ,  and U P 2  a r e  t o t a l  s p e c i f i c  up take  r a t e s  o f  n i t r o g e n  
- 1  
compounds by t h e  same o rgan i sms  (day ) ;  
L1 and L 2  a r e  s p e c i f i c  r a t e s  o f  m e t a b o l i c  e x c r e t i o n  by t h e  
- 1 
same p o p u l a t i o n s  (day ) ; 
S, and S2 a r e  s p e c i f i c  non-preda t ion  m o r t a l i t y  r a t e s  o f  t h e  
- 1  
same p o p u l a t i o n s  (day ) ;  
K,, i s  r a t e  c o n s t a n t  f o r  g r a z i n g  o f  t h e  f i r s t  p l a n k t o n  g roup  
- 1  by h i g h e r  t r o p h i c  o r g a n i s m s  (day  ) ;  
P l ~ ~ 2  i s  t h e  s p e c i f i c  r a t e  f o r .  g r a z i n g  o f  t h e  second p l a n k t o n  
g r o u p  by t h e  f i r s t  ( day-' 1 ; 
PL1° and  P L ~ O  a r e  c o n c e n t r a t i o n s  o f  p l a n k t o n  o r g a n i s m s  i n  
t h e  i n f l o w  w a t e r  f o r  a  c h e m o s t a t  s y s t e m  (mgN/R). 
3 . 1 .  I Uptake o f  N u t r i e n t s  b y  PZankton Organisms 
Uptake o f  n u t r i e n t s  i s  a n  i m p o r t a n t  f a c t o r  f o r  p l a n k t o n  
growth;  it i s  a  v e r y  complex p r o c e s s .  A t  p r e s e n t ,  e x p r e s s i o n s  
f o r  u p t a k e  a r e  n o t  a s  w e l l  d e v e l o p e d  a s  t h e y  s h o u l d  b e  f o r  under-  
s t a n d i n g  t h i s  e x t r e m e l y  i m p o r t a n t  l i n k a g e  i n  e c o s y s t e m s  b e h a v i o r .  
The e q u a t i o n  o f  Monod (Vinogradov,  1977)  o r  t h e  Longmuir- 
Hinshelwood m o d i f i c a t i o n  o f  Monod's e q u a t i o n s  ( A j z a t u l l i n ,  1974) 
a r e  u s u a l l y  u s e d  f o r  model ing  n u t r i e n t  u p t a k e  by v a r i o u s  micro-  
o r g a n i s m s ,  i n c l u d i n g  p l a n k t o n .  I n  t h e  c u r r e n t  l i t e r a t u r e ,  t h e r e  
a r e  many comments c o n c e r n i n g  t h e  a p p l i c a t i o n  o f  t h e s e  e q u a t i o n s  
t o  p l a n k t o n  growth .  Some o f  them have  been  d i s c u s s e d  by  Loogman 
e t  a 1  (1978)  . They n o t e d  t h a t  Monod's e q u a t i o n  c a n n o t  d e s c r i b e  
p l a n k t o n  growth  u n d e r  t r a n s i e n t  c o n d i t i o n s  when n u t r i e n t  concen- 
t r a t i o n  i s  r a p i d l y  c h a n g i n g .  They a l s o  assumed,  and  p r e s e n t e d  
s u p p o r t i n g  e x p e r i m e n t a l  e v i d e n c e ,  t h a t  t h e  g rowth  o f  p l a n k t o n  
depends  on i n t r a c e l l u l a r .  n u t r i e n t  c o n t e n t .  
I n  o r d e r  t o  f i n d  t h e  l i m i t i n g  i n f l u e n c e  o f  b i o g e n i c  e l e m e n t s ,  
o n  p l a n k t o n  growth  and  n i t r o g e n  i n  p a r t i c u l a r ,  it i s  n e c e s s a r y  t o  
d e s c r i b e  t h e  u p t a k e  r a t e  o f  n u t r i e n t s  a s  a  f u n c t i o n  o f  t h e  n u t r i e n t  
c o n t e n t  b o t h  i n  t h e  w a t e r  env i ronmen t  and  i n  t h e  ce l l s .  A s  a 
working  h y p o t h e s i s  it  i s  assumed h e r e  t h a t :  
1. n i t r o g e n  compounds t a k e n  up by p l a n k t o n  o r g a n i s m s  are  
c o n s i d e r e d  as an  i n t e r c h a n g e a b l e  f o o d  s o u r c e s ;  
2. t h e r e  i s  p r e f e r e n c e  by p l a n k t o n  o r g a n i s m s  i n  t a k i n g  up 
t h e  v a r i o u s  n i t r o g e n  compounds; 
3 .  t h e  u p t a k e  r a t e s  o f  n i t r o g e n  compounds a r e  d e p e n d e n t  on 
a  complex r e l a t i o n s h i p  o f  p l a n k t o n  b iomass  and  t o t a l  
n i t r o g e n  c o n t e n t  i n  t h e  w a t e r  e n v i r o n m e n t ;  
4 .  u p t a k e  o f  e a c h  n i t r o g e n  s o u r c e  o c c u r s  s i m u l t a n e o u s l y  
and  i s  i n t e r d e p e n d e n t .  
L e t  us  c o n s i d e r  some in fo rma t ion  concerning t h e  up take  o f  
n u t r i e n t s  by p lank ton  organisms,  namely by zooplankton and phyto- 
p lank ton .  The t h e o r e t i c a l  a s p e c t s  o f  zooplankton f eed ing  have 
been e x t e n s i v e l y  reviewed (Saunders ,  1969).  I n  o r d e r  t o  s i m u l a t e  
t h e  dynamics o f  zooplankton,  w e  must de te rmine  what food sou rce s  
may be  u t i l i z e d  by zooplankton.  I t  is g e n e r a l l y  known t h a t  
phytoplankton a r e  a  pr imary food sou rce  f o r  zooplankton.  The 
m a j o r i t y  o f  mathemat ica l  models t a k e  i n t o  accoun t  t h a t  phyto- 
p lank ton  a l o n e  a r e  t h e  food sou rce  f o r  zooplankton.  The informa- 
t i o n  accumulated i n  t h e  l i t e r a t u r e  shows t h a t  s imple  food webs 
f o r  zooplankton do n o t  e x i s t  and n o t  o n l y  phy top lank ton ,  b u t  
o t h e r  s o u r c e s  o f  food can  be  u t i l i z e d  by zooplankton.  It was 
e s t a b l i s h e d  t h a t  supplementary s o u r c e s  o f  zooplankton food may 
be d e t r i t u s ,  b a c t e r i a ,  d i s sozved  o r g a n i c  m a t t e r  o r  any combina- 
t i o n  o f  t h e s e  (Saunders ,  1969) .  I t  is  a l s o  known t h a t  ve ry  sma l l  
zooplankton such a s  p ro tozoa ,  can u t i l i z e  mine ra l  d i s s o l v e d  
compounds (Adams, S t e e l e ,  1966; R i g l e r ,  1969; Vinogradov, 1977) . 
Phytoplankton can t a k e  up o r g a n i c  n i t r o g e n o u s  compounds, 
such a s  amino-acids,  u r ea ,  u r i c  a c i d ,  etc.  ( P r o v a s o l i ,  1963; 
Khailov,  1971) .  However, m ine ra l  n i t r o g e n  compounds a r e  b e s t  
t aken  up by phytoplankton.  Ammonium and n i t r a t e  a r e  t aken  up by 
phytoplankton under bo th  da rk  and l i g h t  c o n d i t i o n s ;  however, 
t h e i r  uptake  i n  l i g h t  i s  g r e a t e r  (Vinogradov, 1977) .  A s s i m i l a t i o n  
o f  n i t r i t e  by phytoplankton i s  n o t  s o  wide ly  s t u d i e d  i n  comparison 
t o  ammonium and n i t r a t e .  But it i s  known t h a t  some o f  t h e  phyto- 
p lankton s p e c i e s  can u t i l i z e  n i t r i t e  even i n  da rknes s  (Gran t ,  
1967).  The mechanism o f  s e l e c t i o n  i n  t a k i n g  up food s o u r c e s  i s  
impor tan t  n o t  o n l y  f o r  zooplankton b u t  a l s o  f o r  phytoplankton.  
Among mine ra l  n i t r o g e n  compounds ammonium i s  cons ide red  a s  t h e  
b e s t  p r e f e r a b l e  food sou rce  f o r  phytoplankton.  I f  j u s t  t h e  
n i t r i t e  and n i t r a t e  a r e  p r e s e n t  i n  t h e  w a t e r ,  t h e n  bo th  a r e  
s imu l t aneous ly  a s s i m i l a t e d  by phytoplankton (Vinogradov, 1977) . 
A q u a n t i t a t i v e  approach t o  t h e  s t u d y  o f  p lank ton  f eed ing  
i s  a  d i f f i c u l t  problem. I t  i s  d e f i n e d  by d i f f i c u l t i e s  i n  
measuring growth and t h e  up take  of  food sou rce s .  Mathematical  
models may make p o s s i b l e  t h e  measurement and unders tand ing  of  
t h e  e f f i c i e n c y  f o r  t r a n s f o r m a t i o n  o f  n u t r i e n t s  a s  food s o u r c e s  
f o r  p l a n k t o n  organisms.  An e x t e n s i o n  o f  t h e  e x i s t i n g  models 
which d e s c r i b e  p l a n k t o n  dynamics s h o u l d  c o n t r i b u t e  t o  a  
s c i e n t i f i c  u n d e r s t a n d i n g  o f  t h e  mechanisms o f  n u t r i e n t  t r a n s -  
fo rmat ion  i n  a q u a t i c  ecosys tems.  
I n  t h i s  model, t h e  food sys tem f o r  p l a n k t o n  o rgan i sms  h a s  
been c o n s i d e r e d  a s  h i g h l y  b u f f e r e d .  I t  means t h a t  any s h a r p  
change i n  one  food s o u r c e  must be  compensated by o t h e r s .  Minera l  
compounds w e r e  c o n s i d e r e d  a s  p o t e n t i a l  food s o u r c e s  f o r  t h e  f i r s t  
p l a n k t o n  g roup .  T h i s  i s  due t o  t h e  f a c t  t h a t  p l a n k t o n  o rgan i sms  
o f  t h e  f i r s t  group a r e  n o t  i d e n t i f i e d  and t h e y  c a n  i n c l u d e  
organisms which have t h e  a b i l i t y  t o  t a k e  up m i n e r a l  compounds. 
I t  is  o b v i o u s  t h a t  s e l e c t i o n  o r  p r e f e r e n c e  o f  p l a n k t o n  
organisms f o r  food s o u r c e s  must d e t e r m i n e  t h e  p e c u l i a r i t y  o f  
dynamics o f  b o t h  p l a n k t o n  o rgan i sms  and i t s  food s o u r c e s  
(Raymont, 1963; Wilson, 1973; McNaught, e t  a l l  1 9 7 5 ) .  
Thus i n  t h e  g i v e n  model t h e  t o t a l  n i t r o g e n  poo l  f o r  t h e  
f i r s t  p l a n k t o n  group (PoolN1) i s  w r i t t e n  i n  t h e  f o l l o w i n g  form: 
+ d6 DON ( 3 )  
where d l  -6  a r e  p r e f e r e n c e  c o e f f i c i e n t s .  Equa t ion  ( 3 )  shows t h a t  
p l a n k t o n  organisms from t h e  f i r s t  group can  p o t e n t i a l l y  u t i l i z e  
l i v i n g  m a t t e r ,  i . e .  phy top lank ton ,  and a l s o  t h e  n i t r o g e n o u s  
d e t r i t u s ,  m i n e r a l  n i t r o g e n  compounds (ammonium, n i t r i t e  and 
n i t r a t e )  , and d i s s o l v e d  o r g a n i c  n i t r o g e n .  
The t o t a l  n i t r o g e n  pool  f o r  phy top lank ton    pool^^) i n c l u d e s  
m i n e r a l  and o r g a n i c  n i t r o g e n  compounds and it can b e  p r e s e n t e d  by 
 pool^^ = d 7  NH4 + d g  NO2 + dg N o 3  + d l 0  DON ( 4 )  
where d7-10 a r e  a l s o  p r e f e r e n c e  c o e f f i c i e n t s  f o r  u p t a k e  o f  
c o r r e s p o n d i n g  n u t r i e n t s  by phy top lank ton .  
I t  was assumed t h a t  t h e  r e l a t i o n  between t h e  t o t a l  n i t r o g e n  
poo l  f o r  growth o f  p l a n k t o n  organisms and t h e  s p e c i f i c  u p t a k e  
r a t e s  o f  n i t r o g e n  compounds can  be  d e s c r i b e d  by a  modi f i ed  
Hinshelwood-Longmuir e q u a t i o n  ( A j z a t u l l i n ,  1974) :  
f o r  t h e  f i r s t  p l a n k t o n  group - UP1 - Kz 
-pL4 
- f o r  t h e  second p l a n k t o n  group UP2 - K~ PL, 
where KZ and KF a r e  a c t u a l  up take  r a t e s  o f  n u t r i e n t s  by f i r s t  
and second p l a n k t o n  g r o u p s  r e s p e c t i v e l y .  T h e i r  d imens ions  a r e  
day-' . 
Equa t ions  ( 5 )  and ( 6 )  w e r e  d e r i v e d  on t h e  b a s i s  t h a t  f e e d i n g  
o f  p l a n k t o n  organisms depends  f i r s t  o f  a l l  upon t h e  c o n c e n t r a t i o n  
o f  a v a i l a b l e  food s o u r c e s  and t h e  biomass o f  o rgan i sms  (Sushchenya, 
1 9 7 4 ) ,  and t h a t  a c t u a l l y  it i s  r e g u l a t e d  by t h e  r a t i o  o f  t h e  
biomass c o n c e n t r a t i o n  t6 food c o n t e n t  i n  t h e  w a t e r .  T h i s  s t r u c t u r e  
o f  t h e  e q u a t i o n  r e f l e c t s  t h e  c o n c l u s i o n  o f  P e t i p a  e t  a 1  (1971) 
t h a t  t h e  up take  a c t i v i t y  o f  p l a n k t o n  o rgan i sms  i s  h i g h  a t  a  low 
l e v e l  o f  biomass.  I t  i s  i m p o r t a n t  t h a t  t h e  s t r u c t u r e  o f  
e q u a t i o n s  ( 5 )  and ( 6 )  have i n  any s e n s e  a  c o m p a r a t i v e l y  low l e v e l  
o f  n u t r i e n t s ,  w h i l e  a t  t h e  h igh  n u t r i e n t  l e v e l ,  it p r a c t i c a l l y  
c o i n c i d e s  w i t h  t h e  c l a s s i c a l  Michael is-Menten e q u a t i o n .  I n  t h i s  
v e r s i o n ,  a l l  p o s s i b l e  food s o u r c e s  a r e  n o t  s u b d i v i d e d  i n t o  chemical  
and b i o l o g i c a l ,  and mechanisms o f  g r a z i n g  o f  one  b i o l o g i c a l  popu- 
l a t i o n  by t h e  o t h e r  i s  i g n o r e d .  A l s o ,  t h e s e  e q u a t i o n s  t a k e  i n t o  
a c c o u n t  a l l  t h e  working h y p o t h e s i s  mentioned above t h a t  a r e  
i m p o r t a n t  f o r  modeling p l a n k t o n  growth.  
Using e q u a t i o n s  ( 5 )  and ( 6 )  it  i s  p o s s i b l e  t o  d e r i v e  
e x p r e s s i o n s  f o r  s p e c i f i c  r a t e s  o f  up take  f o r  i n d i v i d u a l  compounds 
by p l a n k t o n  organisms.  The f o l l o w i n g  e q u a t i o n s  c h a r a c t e r i z e  
s p e c i f i c  up take  r a t e s  o f  compounds by t h e  f i r s t  p l a n k t o n  (g roup)  
and phy top lank ton ,  and a r e  w r i t t e n  a s :  
f o r  t h e  f i r s t  p l a n k t o n  g roup  
KZ . d l  PL2 
g r a z i n g  PL2 - 
' 1 ~ ~ 2  PoolN1 + PL1 
KZ ' d 2  ' NH4 
u p t a k i n g  NH4 - 
' I N H ~  poolN1 + PLI 
KZ d3  NO2 
u p t a k i n g  NO2 ' 1 ~ 0 ~  - PoolNl + PL1 
KZ ' d4  ' NO3 
u p t a k i n g  NO3 - -  
' ~ N O ~  PoolN1 + PL1 
KZ d5 ND 
u p t a k i n g  ND P  - 
lND PoolNl + PL1 
KZ d6 DON 
u p t a k i n g  DON - 
'IDON ~ o o r ~ ~  + P L I  
f o r  t h e  second p l a n k t o n  a r o u p  
u p t a k i n g  NH4 KF d7 NH4 
- 
P 1 ~ ~ 4  - PoolN2 + PL2 
u p t a k i n g  NO2 KF . d8 ' N o 2  
- (14)  
P 2 ~ 0 2  - =IN2 + PL2 
KF ' dg ' NO3 
u p t a k i n g  NO3 
' 2 ~ 0 ~  - PoolN2 + PL2 
KF d l O e  DON 
u p t a k i n g  DON - - 
  DON poolN2 + PL2 
Thus t h e  t o t a l  s p e c i f i c  up take  r a t e s  o f  n i t r o g e n  compounds 
by t h e  f i r s t  p l a n k t o n  group (UP1) and phy top lank ton  (UP2) a r e  
e q u a l  t o  t h e  sum o f  s p e c i f i c  up take  r a t e s  o f  e a c h  component: 
A t  each  moment o f  t i m e  an up take  r a t e  f o r  i n d i v i d u a l  com- 
pounds i s  de te rmined  by t h e  g e n e r a l  n i t r o g e n  p o o l ,  t h e  concen t ra -  
t i o n  o f  e a c h  component, and t h e  p r e f e r e n c e  c o e f f i c i e n t s .  A 
minimum n u t r i e n t  l e v e l  a t  which u p t a k e  commences depends  on  t h e  
biomass o f  p l a n k t o n  o rgan i sms  and n u t r i e n t  c o n t e n t .  
Such a  scheme makes t h e  model f l e x i b l e  and a l l o w s  i t s  u s e  
i n  d e s c r i b i n g  t h e  k i n e t i c s  o f  p l a n k t o n  growth i n  a  d i f f e r e n t  
w a t e r  media and under v a r i o u s  env i ronmenta l  c o n d i t i o n s .  Also ,  
t h e  model can b e  m o d i f i e d  v e r y  e a s i l y  t o  e x c l u d e  t h e  u p t a k e  o f  
c e r t a i n  n i t r o g e n  compounds by p l a n k t o n  o rgan i sms  f o r  c a s e s  where 
consumption o f  some compounds is n o t  v a l i d .  I n  o r d e r  t o  do t h i s ,  
t h e  r e s p e c t i v e  p r e f e r e n c e  c o e f f i c i e n t  must be t a k e n  e q u a l  t o  zero .  
I f  one  i n t r o d u c e s  p r e f e r e n c e  c o e f f i c i e n t s  t h a t  a r e  dependen t  on  
env i ronmenta l  f a c t o r s  t h e  model i s  a b l e  t o  p r e s e n t  biomass 
o s c i l l a t i o n s  which a r e  c h a r a c t e r i s t i c  f o r  s u c c e s s i o n s  o f  s e v e r a l  
s p e c i e s .  Such o s c i l l a t i o n s  a r e  o f t e n  n o t e d  d u r i n g  l o n g  obse rva -  
t i o n s  o f  p o p u l a t i o n  growth under f i e l d  c o n d i t i o n s .  
The a c t u a l  r a t e s  o f  up take  o f  n i t r o g e n  compounds by t h e  
f i r s t  p l a n k t o n  g roup  ( K Z )  and by phy top lank ton  ( K F )  depends on 
env i ronmenta l  f a c t o r s ,  ma in ly  t e m p e r a t u r e  and t h e  i n t e n s i t y  o f  
l i g h t .  T h e r e f o r e  K Z  and KF v a l u e s  a r e  m o d i f i e d  by r e d u c t i o n  
c o e f f i c i e n t s  and a r e  w r i t t e n  i n  t h e  f o l l o w i n g  form: 
where K ,  and K 2  a r e  maximum r a t e s  o f  n i t r o g e n  compound up take  
by t h e  f i r s t  p l a n k t o n  g roup  and p h y t o p l a n k t o n ,  r e s p e c t i v e l y  
- 1 (day ; R T Z  and RTF a r e  r e d u c t i o n  c o e f f i c i e n t s  d e s c r i b i n g  

t e m p e r a t u r e  dependence f o r  t h e  f i r s t  p l a n k t o n  group and phyto-  
p l a n k t o n ;  R I Z  and RIF a r e  r e d u c t i o n  c o e f f i c i e n t s  d e s c r i b i n g  
l i g h t  dependence f o r  t h e  f i r s t  p l a n k t o n  g roup  and p h y t o p l a n k t o n .  
Values o f  r e d u c t i o n  c o e f f i c i e n t s  may v a r y  i n  t h e  range  between 
0  t o  1 .  
Each t y p e  o f  p l a n k t o n  organism i t s e l f  h a s  a  t e m p e r a t u r e  
and l i g h t  dependency. T h e r e f o r e  t h i s  must be t a k e n  i n t o  a c c o u n t  
d u r i n g  modeling.  Some methods o f  e s t i m a t i o n  f o r  t h e s e  c o e f f i c i e n t s  
i n  e c o l o g i c a l  models w e r e  r e c e n t l y  rsv iewed by Fedra  ( 1 9 7 9 ) .  The 
s i m p l e s t  a s sumpt ions  w e r e  a p p l i e d  h e r e  f o r  d e s c r i p t i o n  o f  t h e s e  
r e d u c t i o n  c o e f f i c i e n t s .  
I t  i s  known t h a t  g e n e r a l l y  maximum a c t i v i t y  o f  zooplankton 
and phy top lank ton  t a k e s  p l a c e  a t  25Oc and 30°c r e s p e c t i v e l y .  
Temperature v a l u e s  e x c e e d i n g  25Oc i n h i b i t  zoop lank ton  growth 
w h i l e  f o r  phy top lank ton  growth t h e  t e m p e r a t u r e  s h o u l d  n o t  exceed 
30°c ( N a j a r i a n ,  Harleman, 1975) . These t e m p e r a t u r e  v a l u e s  w e r e  
used i n  t h e  model c o n s i d e r e d  h e r e  f o r  d e s c r i p t i o n  o f  t e m p e r a t u r e  
r e d u c t i o n  c o e f f i c i e n t s  f o r  p l a n k t o n  o rgan i sms .  F i g u r e  2  shows 
RTZ and RTF v a l u e s  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  i f  w e  assume 
t h a t  t h e  f i r s t  p l a n k t o n  group i s  comprised  o f  zoop lank ton .  The 
c u r v e s  shown i n  F i g u r e  2  may be r e p r e s e n t e d  by e q u a t i o n s  ( 2 1 )  and 
(22)  a s  f u n c t i o n s  o f  t e m p e r a t u r e :  
where T  i s  w a t e r  t e m p e r a t u r e  i n  OC.  
I f  t h e r e  i s  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  t h e  i n f l u e n c e  o f  
t e m p e r a t u r e  on t h e  p l a n k t o n  organisms c o n s i d e r e d ,  it can  be  t a k e n  
i n t o  a c c o u n t  and e q u a t i o n s  (21)  and (22)  must  b e  modi f i ed .  
L i g h t  r e d u c t i o n  c o e f f i c i e n t s ,  RIZ and R I F ,  a r e  i n c l u d e d  i n  
e q u a t i o n  ( 1 9 )  and  (20 )  t o  show how l i g h t  res t r ic ts  t h e  a b i l i t y  
o f  p l a n k t o n  o r g a n i s m s  t o  a c h i e v e  t h e  maximum t e m p e r a t u r e -  
d e p e n d e n t  r a t e s  o f  u p t a k e  o f  n u t r i e n t s .  
F o r  s i m p l i f i c a t i o n ,  it i s  assumed t h a t  l i g h t  i n t e n s i t y  i s  
n o t  o f  a  h i g h e r  optimum l e v e l  f o r  p l a n k t o n  development .  T h e r e f o r e  
l i g h t  i s  d e s c r i b e d  h e r e  i n  d i m e n s i o n l e s s  u n i t s .  The day  i s  sub-  
d i v i d e d  i n t o  two p e r i o d s :  d a y l i g h t  (0  - 0. S o f  d a y t i m e  h o u r s )  
and  d a r k  ( 0 . 5  - 1  o f  day t ime  h o u r s ) .  L i g h t  i s  0  a t  d a r k  h o u r s  
and  1  a t  noon. 
I t  i s  supposed  t h a t :  ( 1 )  p h y t o p l a n k t o n  t a k e s  up n u t r i e n t s  
more a c t i v e l y  d u r i n g  d a y l i g h t ;  ( 2 )  d u r i n g  d a r k  h o u r s  p h y t o p l a n k t o n  
u p t a k e  o f  n u t r i e n t s  i s  d e c r e a s e d  t o  10%; and  ( 3 )  t h e  photosyn-  
t h e t i c  p r o d u c t i v i t y  o f  p h y t o p l a n k t o n  i s  a b s e n t  a t  d a r k .  Terms 
which d e s c r i b e  R c h a n g e s  d u r i n g  t h e  day  a r e  shown i n  T a b l e  2. I F  
F o r  t h e  f i r s t  p l a n k t o n  g r o u p  it i s  p o s s i b l e  t o  u s e  o n e  o f  
t h r e e  p a t t e r n s  i n  d e s c r i b i n g  l i g h t  r e d u c t i o n  c o e f f i c i e n t ,  R I Z .  
( 1 )  t h e r e  i s  a n  i n f l u e n c e  o f  l i g h t  o n  t h e  a c t i v i t y  o f  
t h e  p o p u l a t i o n  and it i s  s i m i l a r  t o  t h e  o n e  con- 
s i d e r e d  above;  
T a b l e  2.  Terms d e s c r i b i n g  d i u r n a l  a l t e r a t i o n s  o f  RIF. 
where t i s  t h e  t i m e  g i v e n  ( f o r  t h e  p e r i o d  o f  a  d a y )  
P e r i o d  o f  day  
f o r  l i g h t  t i m e  
( 0  - 0 . 5 )  
f o r  d a r k  
( 0 . 5  - 1 )  
R~~ 
f o r  p h o t o s y n t h e s i s  
s i n  ( 2  .rr t )  
0  
R~~ 
f o r  u p t a k e  o f  n u t r i e n t s  
s i n  ( 2  .rr t )  
0.1 
( 2 )  t h e r e  i s  a n  i n f l u e n c e  o f  l i g h t  b u t  i t  i s  t h e  r e v e r s e  
o f  t h a t  c o n s i d e r e d  above; 
( 3 )  t h e r e  i s  no i n f l u e n c e  o f  l i g h t  on  t h e  a c t i v i t y  o f  
o rgan i sms  o f  t h e  f i r s t  p l a n k t o n  group.  
T e r m s  f o r  d e s c r i p t i o n  o f  t h e s e  p a t t e r n s  are p r e s e n t e d  i n  
Tab le  3. 
Changes o f  l i g h t  r e d u c t i o n  c o e f f i c i e n t s  d u r i n g  t h e  day ,  
a c c o r d i n g  t o  a ssumpt ions  used  i n  model, a r e  g i v e n  i n  F i g u r e  3. 
The i n f l u e n c e  o f  l i g h t  on  f r e s h - w a t e r  zoop lank ton  i s  o f t e n  n o t  
t a k e n  i n t o  a c c o u n t  d u r i n g  modeling.  I n  t h i s  c a s e  i f  p l a n k t o n  
from t h e  f i r s t  g roup  is c o n s i d e r e d  a s  zoop lank ton ,  t h e n  R I Z  
may be  t a k e n  t o  b e  1  ( P a t t e r n  3 ,  Table  3). The second p a t t e r n  may 
be used t o  e x p l a i n  a n  assumpt ion  t h a t  zoop lank ton  which m i g r a t e  
i n t o  t h e  e u p h o t i c  zone a t  n i g h t  f e e d  o n l y  d u r i n g  t h e  h o u r s  o f  
l o c a l  d a r k n e s s .  T h i s  t y p e  o f  l i g h t  i n f l u e n c e  on zoop lank ton  
a c t i v i t y  was used  by N a j a r i a n  and Harleman ( 1 9 7 5 ) .  The f i r s t  
p a t t e r n  may be  used i f  t h e  f i r s t  p l a n k t o n  g r o u p  i s  c o n s i d e r e d  
a s  phy top lank ton .  
Tab le  3 .  Terms d e s c r i b i n g  d i u r n a l  a l t e r a t i o n s  o f R I Z .  
h e r e  t is t h e  t i m e  g i v e n  ( f o r  t h e  p e r i o d  o f  a d a y ) .  
P e r i o d  o f  
day 
f o r  l i g h t  
t i m e  
(0 - 0 . 5 )  
- 
f o r  d a r k  
( 0 . 5  - 1 )  
F i r s t  
p a t t e r n  
R~ z 
s i n  ( 2  IT t) 
0.1 
Second p a t t e r n  
R~ z 
0.1 
0.1 + 0.9 s i n  ( I T  + 2 1 ~ t )  
T h i r d  
p a t t e r n  
R~ z 
1  
1  
i 
RATE REDUCTION FACTOR FROM LIGHT 
3 . 1 . 2  Plankton Excretions 
The i n i t i a l  h y p o t h e s i s  is  t h a t  e x c r e t i o n  o f  p l a n k t o n  
o r g a n i s m s  would d i r e c t l y  r e f l e c t  c h a n g e s  i n  f e e d i n g  c o n d i t i o n s .  
The s p e c i f i c  r a t e s  o f  m e t a b o l i c  e x c r e t i o n  by p l a n k t o n  o r g a n i s m s  
(L1 and  L2)  a r e  c o n s i d e r e d  t.o b e  a f r a c t i o n  o f  u p t a k e  rates  and  
are g i v e n  by: 
where  r and  r2 a r e  c o e f f i c i e n t s  o f  e x c r e t i o n  a c t i v i t y  f o r  t h e  1  
f i r s t  p l a n k t o n  g r o u p  a n d  f o r  p h y t o p l a n k t o n ,  r e s p e c t i v e l y .  They 
are s p e c i f i c  f o r e a c h  t y p e  o f  o r g a n i s m .  Sometimes a  f r a c t i o n  o f  
t h e  m e t a b o l i c  p r o d u c t  e x c r e t i o n  f o r  p l a n k t o n  o r g a n i s m s  is con- 
s i d e r e d  as a  c o n s t a n t  v a l u e  ( B l o o m f i e l d  e t  a l ,  1 9 7 3 ) .  O b v i o u s l y  
d u r i n g  p l a n k t o n  g rowth  t h i s  f r a c t i o n  is  a l t e r e d  (LaRow e t  a l ,  
1975; Jawed, 1973; S a u n d e r s ,  1969)  b e c a u s e  t h e  f o o d  c o n c e n t r a t i o n  
i s  c h a n g i n g .  I t  i s  p o s s i b l e  t o  assume t h a t  it depends  s i m u l -  
t a n e o u s l y  o n  t h e  q u a l i t y  and  q u a n t i t y  o f  f o o d ,  and  o n  t h e  t o t a l  
s p e c i f i c  u p t a k e  r a t e .  T h i s  is  c o n f i r m e d  by  e x p e r i m e n t a l  o b s e r v a -  
t i o n s  o n  p l a n k t o n  o r g a n i s m s  (Gaevskaya ,1958;  P e t i p a ,  e t  a l ,  1 9 7 4 ) .  
E x t e n s i v e  l i t e r a t u r e  on  b i o l o g i c a l  d a t a  c o n c e r n i n g  micro-  
o r g a n i s m  m e t a b o l i s m  shows t h a t  e a c h  p o p u l a t i o n  i n c r e a s e s  i t s  
l e v e l  of e x c r e t e d  m e t a b o l i c  p r o d u c t s  when t h e  c o n t e n t  o f  n u t r i e n t s  
i n  t h e  w a t e r  e n v i r o n m e n t  is l i m i t e d .  When f e e d i n g  c o n d i t i o n s  
become f a v o r a b l e ,  t h e n  t h i s  f r a c t i o n  b e g i n s  t o  i n c r e a s e  ( P e t i p a ,  
e t  a l ,  1974)  . T h e r e f o r e  a c o n v e n i e n t  s t r u c t u r e  o f  t h e  e q u a t i o n  
f o r  d e s c r i p t i o n  o f  t h i s  p a t t e r n  o f  m i c r o o r g a n i s m  b e h a v i o r  is  
w UP, 
where UPi i s  t h e  s p e c i f i c  u p t a k e  rate ,  w i s  t h e  r a t i o  o f  
c o e f f i c i e n t s  a . / a j + l ,  P' i s  l / a j + l .  The t e r m  (1-w) i n  t h e  
3 
e q u a t i o n  ( 2 5 a )  i n d i c a t e s  t h e  minimal  l e v e l  o f  e x c r e t e d  m e t a b o l i c  
p r o d u c t s  when n u t r i e n t s  are l i m i t e d .  I n  o t h e r  words t h i s  
minimal l e v e l  i s  s u f f i c i e n t  f o r  ma in tenance  o f  t h e  mic roorgan i sms '  
a c t i v i t y  i n  u n f a v o r a b l e  f e e d i n g  c o n d i t i o n s .  The maximum p o s s i b l e  
l e v e l  o f  e x c r e t i o n  i s  1  when t h e  u p t a k e  r a t e  r e a c h e s  a  g i v e n  
h i g h  v a l u e .  E q u a t i o n  ( 2 5 a )  d e m o n s t r a t e s  t h a t  minimal  l e v e l  o f  
e x c r e t i o n ,  (1-w),  i s  i n c r e a s e d  by w/2 when t h e  u p t a k e  r a t e  
e q u a l s  P'. 
T h e r e f o r e  r l  and r2  v a l u e s  f o r  e q u a t i o n s  (23 )  and (24)  
r e s p e c t i v e l y  have  been  f o r m u l a t e d  i n  t h i s  model as 
where c o e f f i c i e n t s  a  have  t h e  d imens ions  ( d a y ) .  A b s o l u t e  v a l u e s  j  
o f  t h e  c o e f f i c i e n t s  a  r e g u l a t e  t h e  t i m e  a t  which t h e  micro-  j 
organ i sm biomass  peak  o c c u r s  w h i l e  t h e  a b i l i t y  o f  t h e  micro-  
o rgan i sm t o  e x c r e t e  m e t a b o l i c  p r o d u c t s  d u r i n g  growth  depends  on 
r a t i o  a  . / a j + l .  
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E q u a t i o n s  (25-26a)  are a  m o d i f i e d  form o f  I v l e v ' s  e x p r e s s i o n  
which i s  w i d e l y  used  f o r  t h e  d e s c r i p t i o n  o f  p l a n k t o n  me tabo l i sm 
(Sushchenya,  1 9 7 1 ) .  P r e v i o u s l y ,  a  s imi l a r  e q u a t i o n  was a p p l i e d  
f o r  s i m u l a t i o n  o f  t h e  e x c r e t i o n  a c t i v i t y  o f  b a c t e r i a  ( A  j z a t u l l i n ,  
Leonov, 1975b; Leonov, A j  z a t u l l i n ,  19 7513) a n d  p r o t o z o a  (Leonov, 
A j z a t u l l i n ,  1 9 7 8 ) .  
3 .  1 .  3 Plan .k ton  M o r t a l i t y  
M o r t a l i t y  o f  p l a n k t o n  o r g a n i s m s  c o n s i d e r e d  i n  t h i s  model 
i n c l u d e s  t h e i r  non-g raz ing  e l i m i n a t i o n  and g r a z i n g  by o r g a n i s m s  
o f  t h e  n e x t  t r o p h i c  l e v e l .  The f o l l o w i n g  e q u a t i o n s  w e r e  u s e d  
f o r  d e s c r i p t i o n  o f  s p e c i f i c  n o n - p r e d a t i o n  m o r t a l i t y  ra tes  f o r  
p l a n k t o n  g r o u p s :  
where  gi  are c o n s t a n t s  t h a t  have  d i m e n s i o n s  day- ' .  
These  e q u a t i o n s  show t h a t  s p e c i f i c  m o r t a l i t y  rates  depend 
o n  p l a n k t o n  a c t i v i t i e s  and  t h u s  are c o n d i t i o n e d  by n u t r i t i o n .  
I n  o t h e r  words  t h e r e  a r e  c e r t a i n  c o n s t a n t  r a t e s  f o r  p l a n k t o n  
e l i m i n a t i o n  ( g l  f o r  t h e  f i r s t  p l a n k t o n  g r o u p  and g 3  f o r  phyto-  
p l a n k t o n )  when t h e  c o n c e n t r a t i o n  o f  n u t r i e n t s  i s  l i m i t e d .  When 
n u t r i e n t  c o n c e n t r a t i o n  i n c r e a s e s  t h e  o r g a n i s m  a c t i v i t y  a l s o  
i n t e n s i f i e s  and  s p e c i f i c  rates  o f  m o r t a l i t y  o f  p l a n k t o n  become 
h i g h e r .  T h i s  t y p e  o f  o r g a n i s m  r e s p o n s e  depends  o n  t h e  v a l u e s  
o f  t h e  g 2  and  g4 c o e f f i c i e n t s  f o r  t h e  f i r s t  p l a n k t o n  g r o u p  and 
f o r  p h y t o p l a n k t o n  r e s p e c t i v e l y .  
3 .2  D e t r i t u s  
I t  i s  assumed t h a t  n i t r o g e n o u s  d e t r i t u s  i s  formed from 
d e a d  p l a n k t o n  o r g a n i s m s .  The q u a n t i t y  o f  d e t r i t u s  formed i s  
p r o p o r t i o n a l  t o  t h e  b iomass  o f  t h e  p l a n k t o n  o r g a n i s m s .  D e t r i t u s  
d e c o m p o s i t i o n  t o  d i s s o l v e d  o r g a n i c  n i t r o g e n  i s  t a k e n  i n t o  con- 
s i d e r a t i o n  i n  t h e  model.  T h i s  p r o c e s s  i s  d e s c r i b e d  by t h e  f i r s t -  
o r d e r  k i n e t i c s .  Uptake o f  d e t r i t u s  b y  a mixed p l a n k t o n  community 
i s  i n c l u d e d  i n  t h e  g e n e r a l  scheme o f  n i t r o g e n  t r a n s f o r m a t i o n s .  
Thus t h e  dynamics o f  n i t r o g e n o u s  d e t r i t u s  i s  d e s c r i b e d  by: 
where g6 and g7 a r e  c o e f f i c i e n t s ;  K 5  i s  t h e  f i r s t  o r d e r  r a t e  
c o n s t a n t  o f  d e t r i t u s  decompos i t ion  t o  d i s s o l v e d  o r g a n i c  n i t r o g e n ;  
NOD i s  t h e  d e t r i t u s  c o n t e n t  i n  t h e  i n f l o w  w a t e r  f o r  a  chemos ta t  
sys tem;  P i s  d e f i n e d  above.  
lND 
3 .3  N i t r o g e n  compounds 
Disso lved  o r g a n i c  n i t r o g e n  ( D O N ) ,  ammonium ( N H 3 ) ,  n i t r i t e  
( N O 2 )  and n i t r a t e  ( N O 3 )  a r e  t h e  major  components o f  t h e  n i t r o g e n  
sys tem and a r e  i n c l u d e d  i n  t h e  g i v e n  model. S tepwise  t r a n s -  
f o r m a t i o n  o f  t h e s e  compounds, DON t o  NH3,  NH3 t o  NO2,  NO2 t o  NO3 
I 
i n  n a t u r a l  w a t e r s  depends on b a c t e r i a l  a c t i v i t y .  For  s i m p l i f i c a -  
t i o n  i n  t h i s  model t h e  k i n e t i c s  o f  t h e s e  t r a n s f o r m a t i o n s  a r e  
assumed t o  b e  f i r s t - o r d e r  r e a c t i o n s  a s  i n  scheme 1  ( A j z a t u l l i n ,  
1967; Mijake ,  Wada, 1968) and 8  ( N a j a r i a n ,  Harleman, 1975) 
shown i n  Tab le  1 .  
According t o  a ssumpt ions  used i n  model c o n s t r u c t i o n ,  
d i s s o l v e d  o r g a n i c  n i t r o g e n  and m i n e r a l  n i t r o g e n  forms a r e  t a k e n  
up by p l a n k t o n  organisms.  The c o n c e n t r a t i o n  o f  DON i n  t h e  w a t e r  
i s  compensated by t h e  decompos i t ion  o f  t h e  d e t r i t u s  ar id 'by  
p h o t o s y n t h e t i c  p r o d u c t i o n  o f  phy top lank ton .  The e x c r e t i o n  
p r o d u c t s  o f  p lank ton  o rgan i sms  i n c l u d e d  i n  t h e  e q u a t i o n s  are 
t h e  d i s s o l v e d  o r g a n i c  n i t r o g e n  and ammonium. F r a c t i o n s  o f  
t h e s e  p r o d u c t s  e x c r e t e d  by p l a n k t o n  d u r i n g  metabol ism may b e  
changed a c c o r d i n g  t o  i n f o r m a t i o n  f o r  p l a n k t o n  o rgan i sms  accounted  
f o r  d u r i n g  t h e  s i m u l a t i o n .  
The e q u a t i o n s  d e s c r i b i n g  t h e  dynamics o f  chemica l  n i t r o g e n  
compounds have t h e  f o l l o w i n g  forms:  
dDON - K .N  
- -  d t  5  D - K3 DON + g5* LF- PL2 + (1 - g 2 2 )  • L2-  PL2 
+ ( 1  - ' L1 PL1 - PIDON PL1 - P2DONo PL2 
- (Q/v) (DON - DONO) (30 
dNH4 
.T = K 3  DON - K 6  NH4 - I N H ~  PL1 - P 2 N ~ 4  PL2 
where 
K 3  i s  f i r s t - o r d e r  r a t e  c o n s t a n t  f o r  decompos i t ion  o f  DON 
t o  NH4 (day- '  ) ; 
K 6  i s  f i r s t - o r d e r  r a t e  c o n s t a n t  f o r  o x i d a t i o n  0.f N H 4 t o  
N02(day-'1 ; 
K 7  i s  f i r s t - o r d e r  ra te  c o n s t a n t  f o r  o x i d a t i o n  o f  NO2 t o  
 NO^ (day- ')  ; 
LF i s  t h e  s p e c i f i c  r a t e  of  p h o t o s y n t h e t i c  p r o d u c t i o n  o f  
o r g a n i c  n i t r o g e n  by phy top lank ton  (day-' ) ; 
g22 and g 2 3  are c o e f f i c i e n t s  f o r  t h e  f r a c t i o n s  o f  ammonium 
e x c r e t i o n  by p h y t o p l a n k t o n  and t h e  f i r s t  p l a n k t o n  group 
( d i m e n s i o n l e s s )  ; 
g5 i s  t h e  DON f r a c t i o n  r e l e a s e d  by phy top lank ton  d u r i n g  
p h o t o s y n t h e s i s  ( d i m e n s i o n l e s s )  ; 
0 
DONO, NHZ), NO; and NO3 are c o n c e n t r a t i o n s  o f  n i t r o g e n  com- 
pounds i n  t h e  i n f l o w  water f o r  a  c h e m o s t a t  s y s t e m  ( a l l  
mgN/R 
I n  t h i s  model f i r s t - o r d e r  r a t e  c o n s t a n t s  f o r  s t e p w i s e  
n i t r o g e n  t r a n s f o r m a t i o n s  ( K ~  - K 7 )  a r e  assumed t o  b e  t e m p e r a t u r e  
d e p e n d e n t .  E q u a t i o n s  f o r  t e m p e r a t u r e  c o r r e c t i o n  o f  t h e s e  
c o n s t a n t s  and  t h e i r  v a l u e s  a r e  p r e s e n t e d  i n  T a b l e  4 .  The change  
o f  r a t e  c o n s t a n t  v a l u e s ,  due  to  t e m p e r a t u r e  v a r i a t i o n s ,  i s  
shown i n  F i g u r e  4 .  
3 . 4  Oxygen 
The o x i d a t i o n  t r a n s f o r m a t i o n  o f  n i t r o g e n  compounds i n  w a t e r  
i s  accompanied by oxygen consumpt ion .  U s u a l l y  a n  a d d i t i o n a l  
t e r m  i s  i n t r o d u c e d  i n t o  t h e  S t r e e t e r - P h e l p s  model f o r  e s t i m a t i n g  
oxygen e x p e n d i t u r e  f o r  n i t r o g e n  compound o x i d a t i o n  (Dobbins ,  
1 9 6 4 ) .  Models c o n s t r u c t e d  f rom S t r e e t e r - P h e l p s  a s s u m p t i o n s  have  
no  d e t a i l e d  d e s c r i p t i o n  o f  n i t r o g e n  compound t r a n s f o r m a t i o n .  
T h i s  t y p e  o f  model o n l y  t a k e s  i n t o  a c c o u n t  g e n e r a l  oxygen removal  
f o r  m i n e r a l  compound o x i d a t i o n s  ( n i t r i f i c a t i o n ) .  However, t h e  
p h y t o p l a n k t o n  a c t i v i t y  p r o v i d e s  oxygen e n r i c h m e n t  o f  w a t e r .  I n  
l a b o r a t o r y  c o n d i t i o n s ,  i . e .  c h e m o s t a t  s y s t e m s ,  t h e  oxygen con- 
t e n t  d o e s  n o t  l i m i t  t h e  deve lopmen t  o f  m i c r o o r g a n i s m s  and  
o x i d a t i o n  p r o c e s s e s  b e c a u s e  t h e  a e r o b i c  c o n d i t i o n s  a r e  a l w a y s  
m a i n t a i n e d  by a r t i f i c i a l  a e r a t i o n .  
By means o f  mode l ing  p l a n k t o n  dynamics  it is  p o s s i b l e  t o  
estimate v a l u e s  f o r  oxygen consumpt ion  i n  o x i d i z i n g  i n d i v i d u a l  
n i t r o g e n o u s  compounds and p l a n k t o n  r e s p i r a t i o n .  
The p o s s i b i l i t i e s  f o r  m a t h e m a t i c a l  mode l ing  o f  t h e  oxygen 
r eg ime  have  been  s t u d i e d  by many a u t h o r s .  R e c e n t l y ,  a d e t a i l e d  
r e v i e w  o f  t h e s e  s t u d i e s  h a s  b e e n  made by A j z a t u l l i n  and  
Lebedev ( 1 9 7 7 ) .  However, a t  p r e s e n t  t h e r e  are  s u b s t a n t i a l  
d i f f i c u l t i e s  i n  mode l ing  t h e  ra tes  o f  oxygen p r o d u c t i o n ,  
e s p e c i a l l y  when t h e  p o l l u t a n t  c o n c e n t r a t i o n  i s  h i g h  ( V i n b e r g ,  
1 9 7 3 ) .  
S t u d i e s  c o n d u c t e d  show t h a t  ra tes  o f  oxygen p r o d u c t i o n  i n  
h e a v i l y  p o l l u t e d  water are s i m i l a r  t o  t h e  rates o f  a t m o s p h e r i c  
r e - a e r a t i o n  (Nusbaum, M i l l e r ,  1952)  , o r ,  d u r i n g  some s e a s o n s ,  
even  h i g h e r  (Knopp, 1960 and  1 9 6 6 ) .  
Table  4.  Rate  c o n s t a n t s  and e q u a t i o n s  f o r  t empe ra tu r e  
c o r r e c t i o n s .  
T = Temperature i n  deg ree s  Cen t ig r ade .  
L 
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Thus,  t h e  r o l e  o f  p h o t o s y n t h e t i c  a e r a t i o n  c a n n o t  b e  d i s -  
r e g a r d e d  i n  mode l ing  water e c o l o g i c a l  s y s t e m s .  W i t h o u t  t h i s  
factor ,  i t  i s  i m p o s s i b l e  to:  ( 1 )  r e c e i v e  a c c u r a t e  estimates 
f o r  t h e  s e l f - p u r i f i c a t i o n  c a p a c i t y  o f  water b o d i e s ;  ( 2 )  h a v e  
i n f o r m a t i o n  o n  a c t u a l  rates o f  c h e m i c a l  compound t r a n s f o r m a -  
t i o n ;  and  ( 3 )  d e s c r i b e  t h e  t r u e  oxygen r e g i m e  o f  water b o d i e s .  
I n  t h e  p r e s e n t  model t h e  oxygen c o n t e n t  was i n c l u d e d  
t o g e t h e r  w i t h  t h e  c o n c e n t r a t i o n s  o f  t h e  n i t r o g e n o u s  compounds 
ment ioned  above.  The e q u a t i o n  f o r  oxygen  dynamics  c a n  b e  
w r i t t e n  as follows: 
where 
g81 glO' g12'  g14'  '16 are  o p t i o n a l  c o e f f i c i e n t s ;  
g9' g l l '  g13'  g 1 5 ,  g 1 7  are s t o i c h i o m e t r i c  c o e f f i c i e n t s ;  
g20  i s  ra te  o f  a t m o s p h e r i c  r e - a e r a t i o n  ( d a y - ' ) ;  
VO2 i s  t h e  ra te  o f  p h o t o s y n t h e t i c  p r o d u c t i o n  o f  oxygen  
by p h y t o p l a n k t o n  (mg O,/mg N/day) ; 
L 
t h e  s a t u r a t i o n  oxygen c o n c e n t r a t i o n  (mg o2/L) . 
Thus,  i n  t h e  g i v e n  model oxygen  c o n c e n t r a t i o n  i s  d e t e r m i n e d  
by p r o c e s s e s  o f  a t m o s p h e r i c  r e - a e r a t i o n ,  b i o c h e m i c a l  o x i d a t i o n  
o f  n i t r o g e n o u s  compounds, of p l a n k t o n  r e s p i r a t i o n  a n d  photo-  
s y n t h e s i s .  
D e t a i l e d  t h e o r e t i c a l  s t u d i e s  have  been  r e c e n t l y  c o n d u c t e d  
f o r  mode l ing  p r o c e s s e s  o f  a t m o s p h e r i c  r e - a e r a t i o n  ( K o n d r a t j u k ,  
1977; Negu le scu ,  R o j a n s k i ,  1969; I s a a c s ,  Gaudy, 1968)  as w e l l  
as f o r  s t u d y i n g  e x p e r i m e n t a l l y  t h e  m a g n i t u d e  o f  r e - a e r a t i o n  
c o n s t a n t s  (Isaacs, Gaudy, 1968)  . The s i m p l e s t  method w a s  u s e d  
h e r e  i n  d e s c r i b i n g  t h e  p r o c e s s  o f  a t m o s p h e r i c  r e - a e r a t i o n .  I t  
i s  assumed t h a t  i n  l a b o r a t o r y  c o n d i t i o n s ,  o n l y  t e m p e r a t u r e  
s i g n i f i c a n t l y  a f f e c t s  r e - a e r a t i o n .  T h e r e f o r e ,  i n  d e s c r i b i n g  
t h e  r a t e  o f  a t m o s p h e r i c  r e - a e r a t i o n ,  t e m p e r a t u r e  dependence  
h a s  been  i n c l u d e d  ( I s a a c s ,  Gaudy, 1968) :  
whe re  0 i s  t h e  t e m p e r a t u r e  c o e f f i c i e n t ,  g21  i s  t h e  r a t e  c o n s t a n t  
o f  r e - a e r a t i o n  a t  20°c. The c o e f f i c i e n t  v a l u e s  f o r  0 and g21  
w e r e  t a k e n  e q u a l  t o  1 . 0 5  a n d  1 . 2 5  r e s p e c t i v e l y  ( S o r n b e r g e r ,  
Keshavan,  1 9 7 3 ) .  I n  m o d e l i n g  e c o l o g i c a l  water s y s t e m s ,  v a l u e s  
f o r  g21  c a n  be  a l s o  c o r r e l a t e d  w i t h  e n v i r o n m e n t a l  f a c t o r s ,  s u c h  
as  f l o w - r a t e ,  oxygen d i f f u s i o n ,  s l o p e ,  d e p t h  o f  water ,  etc.  
( K o n d r a t j u k ,  1977;  N e g u l e s c u ,  R o j a n s k i ,  1969; I s a a c s ,  Gaudy, 
1 9 6 8 ) .  
E x p e r i m e n t a l  methods  f o r  d e t e r m i n i n g  v i r t u a l  r e - a e r a t i o n  
c o e f f i c i e n t s  h a v e  made it p o s s i b l e  t o  r e d u c e  t o  a  minimum t h e  
i n f l u e n c e  o f  s u c h  i m p o r t a n t  f a c t o r s  a s  BOD, p h o t o s y n t h e s i s ,  and  
r e s p i r a t i o n  ( K o n d r a t j u k ,  1977)  . Thus ,  t h e  r a t e  o f  a t m o s p h e r i c  
r e - a e r a t i o n  h a s  been  e s t a b l i s h e d  as  a f u n c t i o n  o f  t h e  r e - a e r a t i o n  
c o n s t a n t  ( c o r r e c t e d  f o r  t e m p e r a t u r e ) ,  g Z 0 ,  and  by t h e  d i f f e r e n c e  
be tween  oxygen  s a t u r a t i o n  c o n c e n t r a t i o n  (02 Sat)  a n d  i t s  a c t u a l  
c o n c e n t r a t i o n  ( 0 2 ) .  The s a t u r a t i o n  oxygen  c o n t e n t  c a n  b e  c a l -  
c u l a t e d  t o  a p r e c i s i o n  o f  + 0.01  mg 0 2 / L  by t h e  p o l y n o m i a l  
f u n c t i o n  (Wang L., Wang Mu, 1 9 7 6 ) :  
0 
where  T  i s  t h e  t e m p e r a t u r e  i n  C.  T e m p e r a t u r e  change  d u r i n g  t h e  
d a y  i s  d e s c r i b e d  by t h e  s i n u s o i d a l  f u n c t i o n :  
0 T c = T~~ + A s i n  ( 2  i~ t )  ( 3 7 )  
where t i s  t h e  f r a c t i o n a l  p a r t  o f  t h e  day ,  Tav i s  d a i l y  a v e r a g e  
t e m p e r a t u r e ,  A i s  t h e  a m p l i t u d e  o f  t e m p e r a t u r e  f l u c t u a t i o n  d u r i n g  
t h e  day .  
There  i s  a  c l o s e  c o r r e l a t i o n  between p h o t o s y n t h e s i s  and 
growth o f  p l a n k t o n  ( ~ a l l i n g ,  1955) . T h e r e f o r e ,  we can  r e p r e s e n t  
t h e  p h o t o s y n t h e t i c  p r o d u c t i o n  o f  oxygen by t h e  same f u n c t i o n  
t h a t  d e s c r i b e s  p l a n k t o n  growth.  The m e t a b o l i c  and p h o t o s y n t h e t i c  
e x c r e t i o n  o f  p l a n k t o n  a r e  assumed t o  b e  e q u i v a l e n t  d u r i n g  t h e  
day t ime .  The s p e c i f i c  r a t e s  o f  m e t a b o l i c  (L1  ) and p h o t o s y n t h e t i c  
(LF) p l a n k t o n  e x c r e t i o n  f o r  t h e  p e r i o d  0 - 0 . 5  day a r e  a l s o  
t h e  same. I n  t h e  d a r k  p a r t  o f  t h e  day ( t h e  p e r i o d  0 . 5  - 1 )  t h e  
s p e c i f i c  r a t e  o f  p l a n k t o n  m e t a b o l i c  l i b e r a t i o n  c o n s i d e r a b l y  
d e c r e a s e s  ( t o  10%) , w h i l e  t h e  p r o c e s s  o f  p h o t o s y n t h e s i s  com- 
p l e t e l y  s t o p s  ( T a b l e  3 ) .  LF v a l u e s ,  i n d i r e c t l y  connec ted  w i t h  
p l a n k t o n  growth,  a r e  i n c l u d e d  i n  t h e  Michaelis-Menten t y p e  o f  
e q u a t i o n ,  which i s  used f o r  d e s c r i b i n g  t h e  p h o t o s y n t h e t i c  pro-  
d u c t i o n  o f  oxygen. Thus, t h e  s p e c i f i c  r a t e  o f  p h o t o s y n t h e t i c  
oxygen p r o d u c t i o n  i s  w r i t t e n  a s  f o l l o w s :  
where g18 is a  c o e f f i c i e n t  w i t h  d imens ions  (mg 0 / m g ~ )  ; g19 h a s  2 
t h e  d imension (day)  . 
The c l a s s i f i c a t i o n  o f  a l l  c o n s t a n t s  used  i n  Model 1  i s  
shown i n  T a b l e  5  i n  accordance  w i t h  t h e  purpose  o f  t h e i r  a p p l i c a -  
t i o n .  Model 1  h a s  4 3  c o n s t a n t s  and r e q u i r e s  8 i n i t i a l  c o n c e n t r a -  
t i o n s  o f  compounds. 
4 .  SIMULATION RUNS AND DISCUSSION 
The purpose  o f  t h e  a p p l i c a t i o n  o f  model 1  i n  t h i s  r e p o r t  
i s  examina t ion  o f  t h e  e q u a t i o n s  t h a t  d e s c r i b e  t h e  up take  o f  
n u t r i e n t s  by p l a n k t o n  o rgan i sms .  I t  is  n e c e s s a r y  because  o f  a  
modi f i ed  s t r u c t u r e  o f  t h e  e q u a t i o n s  f o r  d e s c r i p t i o n  o f  feedback 
and i n t e r a c t i o n s  between t h e  b i o t i c  components and n u t r i e n t  
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p o o l s  u s e d  i n  t h i s  model .  I n  s i m u l a t i o n  r u n s  model 1  i s  u s e d  
f o r  s t u d y i n g  n i t r o g e n  t r a n s f o r m a t i o n s  and t h e  i n f l u e n c e  o f  
p l a n k t o n  o n  t h e  r a t e s  o f  n i t r o g e n  m a t t e r  c h a n g e s  i n  a  hypo- 
t h e t i c a l  s i t u a t i o n .  
These  s p e c i a l  c a s e s  w i l l  p r o v i d e  some t h e o r e t i c a l  under -  
s t a n d i n g  o f  t h e  b e h a v i o r  o f  t h e  n i t r o g e n  s y s t e m ,  t h e  e l e m e n t a l  
dynamics  o f  which  i s  d e s c r i b e d  by  t h e  se t  o f  e q u a t i o n s  o f  
model 1 .  
I n  s i m u l a t i o n  r u n s  t h e  f i r s t  p l a n k t o n  g r o u p  was assumed 
t o  b e  z o o p l a n k t o n .  F o r  a l l  c a s e s  c o n s i d e r e d  below t h e  f i x e d  
v a l u e s  o f  t h e  p r e f e r e n c e  c o e f f i c i e n t s ,  d i ,  a r e  u sed .  They a r e  
p r e s e n t e d  i n  T a b l e  6 .  
V a l u e s  o f  t h e  di  c o e f f i c i e n t s  w e r e  c h o s e n  a f t e r  s e v e r a l  
s i m u l a t i o n  r u n s .  F o r  s i m p l i f i c a t i o n ,  t h e  u p t a k e  o f  DON by 
p l a n k t o n  o r g a n i s m s  i s  n o t  t a k e n  i n t o  a c c o u n t  i n  t h i s  se t  o f  
r u n s  and  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  p r e f e r e n c e  c o e f f i c i e n t s  
a r e  t h e r e f o r e  z e r o  ( T a b l e  6 )  . The c h o s e n  v a l u e s  o f  t h e  di 
c o e f f i c i e n t s  show t h a t  t h e  p r e f e r e n c e  o f  t h e  f i r s t  p l a n k t o n  
g r o u p  f o r  d i f f e r e n t  n i t r o g e n  s o u r c e s  c a n  b e  e x p r e s s e d  by t h e  
* 
f o l l o w i n g  r a t i o s  : 
N . N H 4 : P L 2 : N 0 2 : N 0 3 = 8 : 6 : 4 : 4 : 1  D  - 
The same r a t i o s  f o r  p h y t o p l a n k t o n  are 
NH4 : NO2 : NO3 = 5 : 1 . 2 5  : 1 .  
These  r a t i o s  show t h a t  i f  t h e  c o n c e n t r a t i o n s  o f  a l l  t h e  
n i t r o g e n  s o u r c e s  c o u l d  b e  e q u a l  t o  e a c h  o t h e r ,  t h e n  t h e  r a t e s  
o f  t h e i r  u p t a k e  by p l a n k t o n  o r g a n i s m s  would b e  p r o p o r t i o n a l  t o  
t h e  d i  v a l u e s .  
-- 
* Uptake o f  m i n e r a l  n i t r o g e n  compounds by  t h e  f i r s t  p l a n k t o n  
g r o u p  i s  c o n s i d e r e d  h e r e  a s  a h y p o t h e t i c a l  case. 
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Figure 5. Modeling or Lhc nitrogen transrornlations in batcll 
systems with the llclp of Model 1.  
a. wi t l~out plariklon 
b. in presence of plankton from First group 
c.  in presence of plankton from Second group 
Table  6 :  Values o f  t h e  p r e f e r e n c e  c o e f f i c i e n t s  used i n  modeling 
/ Nitrogen i For f i r s t  p l ank ton  group I For phytoplanktonl 
1 Phytoplankton i 0.1 - - - - - 1 - - - - I 1 ~mmonium : - 0.15 - - - - 10.2 - - - 
1 
' - - 0.1 - - N i t r i t e  - I - 0.05 - - 
N i t r a t e  - - - 0.025 - - - - 0.04 - I 
! 1 D e t r i t u s  - - - - 0.2 - , - - - - I I 
; Disso lved  
o r g a n i c  
i n i t r o g e n  - - - - - 0.0 ; - - - 0.0 
; 
Figure  5  shows t h e  r e s u l t s  o f  t h e  f i r s t  se t  of  s i m u l a t i o n  
* 
r u n s  . I n i t i a l  v a l u e s  o f  t h e  n i t r o g e n  compound c o n c e n t r a t i o n s  
used i n  t h e s e  r u n s  a r e  p r e s e n t e d  i n  Table  7. I n i t i a l  v a l u e s  o f  
t h e  n i t r o g e n  c o n c e n t r a t i o n s  and some v a l u e s  f o r  t h e  r a t e  con- 
s t a n t s  o f  chemical  n i t r o g e n  t r a n s f o r m a t i o n  w e r e  t a k e n  from t h e  
r e p o r t  by N a j a r i a n  and Harleman (1975) .  Values o f  a l l  t h e  
c o n s t a n t s  used f o r  t h e s e  s i m u l a t i o n s  a r e  p r e s e n t e d  i n  Tab le  8 .  
The compara t ive ly  h igh  v a l u e s  o f  t h e  maximum uptake  r a t e s ,  
K 1  and K 2 ,  were assumed a r b i t r a r i l y  f o r  t h e  s i m u l a t i o n  r u n s  t o  
examine how t h e  modif ied  s t r u c t u r e  o f  t h e  e q u a t i o n s  f o r  uptake  
a r e  dynamic and t o  compare i t s  performance w i t h  t h e  c l a s s i c a l  
Michaelis-Menten approach.  I n  f a c t ,  v a l u e s  o f  K 1  and K 2  i n  
e q u a t i o n s  ( 7 )  - (16)  a r e  c o r r e c t e d  by m u l t i p l i e r s ,  i . e .  t h e  
p r e f e r e n c e  c o e f f i c i e n t s  d i ,  t o  r e g u l a t e  t h e  uptake  r a t e s  o f  
each  compound. 
* A c o n s t a n t  t i m e  s t e p  o f  0.1 day was used f o r  t h e  numer ica l  
s o l u t i o n  o f  e q u a t i o n s  o f  model 1  by t h e  Runge-Kutta-4 method. 
Table 7: I n i t i a l  va lues  of  n i t rogen  compounds f o r  Model 
1  i n  F igure  5 
r 
I n i t i a l  va lues  f o r  n i t r o g e n  
I Nitrogen compounds i n  mg/E 
i Compounds 
i 
I 
i 
; DON I 0 . 1 1  1 0 . 1 1  0 . 1 1  
i I 
I 
I, 
NH4 0 . 1 6  : 0 . 1 6  ! 0 . 1 6  I i I 
N02 ! 0 . 0 3  1 0 . 0 3  i 0 . 0 3  i 
! 3  i 0 . 3 2  0 . 3 2  I 0 . 3 2  i PL 1  I 0 . 0 2  0  I ! - 0  
I 
PL2 0  0  0 . 0 9 3  ! 
I j 
N~ 0 . 1 1  1 0 . 1 1  0 . 1 1  j I 

The n e x t  i m p o r t a n t  p a r t  o f  t h e  model s t r u c t u r e  i s  t h e  
e x c r e t i o n  a c t i v i t y  o f  t h e  p l a n k t o n  o r g a n i s m s .  I t  i s  assumed 
t h a t  c o e f f i c i e n t s  which  d e s c r i b e  e x c r e t i o n  a c t i v i t y  of t h e  
f i r s t  p l a n k t o n  g r o u p  a n d  p h y t o p l a n k t o n  are s imi la r ,  i . e .  
a ,  = a 3  = 0 .45  a n d  a 2  = a4 = 0 . 5  ( T a b l e  8 ) .  These  v a l u e s  
show t h a t  p l a n k t o n  a c t i v i t y  d u r i n g  n u t r i e n t  l i m i t a t i o n  i s  
d e t e r m i n e d  by t h e  r a t i o s  a l / a 2  and  a3 /a4  ( e q u a t i o n s  ( 2 6 )  and  
( 2 6 a ) )  and f o r  b o t h  p l a n k t o n  p o p u l a t i o n s  t h i s  a c t i v i t y  i s  0 . 1 .  
S p e c i a l  e x p e r i m e n t s  are n e c e s s a r y  f o r  a p r e c i s e  e s t i m a t i o n  o f  
t h e  a i  v a l u e s  f o r  e a c h  p l a n k t o n  g r o u p .  
A t  e a c h  moment o f  t i m e ,  t h e  maximum a c t i v i t y  o f  b o t h  
p l a n k t o n  p o p u l a t i o n s  i s  d e t e r m i n e d  by t h e  combined e f f o r t s  o f  
t e m p e r a t u r e ,  l i g h t  and  n u t r i e n t s .  The s e c o n d  p a t t e r n  o f  l i g h t  
i n f l u e n c e  o n  t h e  f i r s t  p l a n k t o n  g r o u p  ( T a b l e  3)  was u s e d  f o r  
t h e s e  s i m u l a t i o n  r u n s .  
The t i m e  p e r i o d  c h o s e n  f o r  t h e s e  m a t h e m a t i c a l  r u n s  w a s  
32 d a y s .  The t e m p e r a t u r e  change  d u r i n g  e a c h  of t h e  32 d a y s  
w a s  assumed t o  b e  i n v a r i a b l e  and  v a l u e s  of T  and  A i n  e q u a t i o n  
a v  
( 3 7 )  w e r e  t a k e n  t o  b e  e q u a l  20°c and  ~ O C  r e s p e c t i v e l y .  
The model d e s c r i b e s  t h e  c o n s e c u t i v e  o x i d a t i v e  t r a n s f o r m a -  
* 
t i o n  o f  n i t r o g e n  compounds when p l a n k t o n  o r g a n i s m s  a r e  a b s e n t  
i n  t h e  s y s t e m .  I n  t h i s  c a s e ,  t h e  r e s u l t s  d o  n o t  g e n e r a l l y  
d i f f e r  f rom t h o s e  o b t a i n e d  by Harleman ( 1 9 7 8 ) .  The a n a l y s i s  
o f  t h e  mode l s ,  c o n s t r u c t e d  o n  t h e  b a s i s  o f  k i n e t i c  e q u a t i o n s  o f  
f i r s t - o r d e r  r e a c t i o n s ,  w a s  d i s c u s s e d  i n  d e t a i l  by Harleman (1978)  
and  t h e r e f o r e  t h e  p o s s i b i l i t i e s  of s u c h  models  a r e  o n l y  b r i e f l y  
r ev i ewed  h e r e .  
Changes o f  m i n e r a l  n i t r o g e n  compounds i n  a l a b o r a t o r y  b a t c h  
s y s t e m  ( w i t h o u t  p l a n k t o n )  i s  shown i n  F i g u r e  5a .  Comparison o f  
t h e s e  r e s u l t s  w i t h  t h e  r e s u l t s  o b t a i n e d  by Harleman (1978)  fo r  
p u r e l y  c h e m i c a l  mode l s  a l l o w s  some g e n e r a l i z a t i o n s  t o  b e  made. 
F i r s t l y ,  s u c h  mode l s  r e p r e s e n t  c o n s e c u t i v e  t r a n s f o r m a t i o n s  o f  
n i t r o g e n  compounds and  a c c u m u l a t i o n  o f  t h e  f i n a l  t r a n s f o r m a t i o n  
* K i n e t i c s  of f i r s t - o r d e r  r e a c t i o n s  
product ,  namely n i t r a t e .  Secondly, t h e  c o n c e n t r a t i o n  o f  
n i t rogen  compounds always ach ieves  a  s t eady  s ta te  when t h e  
model uses  t h e  equa t ions  o f  f i r s t - o r d e r  r e a c t i o n s .  Moreover, 
t h e  t i m e  necessary  f o r  reach ing  such s t eady  states i s  determined 
by t h e  i n i t i a l  c o n c e n t r a t i o n s  and rate c o n s t a n t s .  Taking i n t o  
account  t h e  tempera ture  f l u c t u a t i o n  du r ing  t h e  day,  t h e  t i m e  f o r  
reaching s t e a d y - s t a t e  cond i t i ons  i nc reases .  T h i r d l y ,  t h e  r e s u l t s  
show t h a t  t h e  c o n c e n t r a t i o n s  o f  a l l  compounds change smoothly 
and wi thout  sha rp  o s c i l l a t i o n .  
The h y p o t h e t i c a l  i n f l u e n c e  o f  a  zooplankton popu la t ion  on 
t h e  dynamics o f  minera l  n i t r o g e n  compounds is shown i n  F igure  5b. 
O s c i l l a t i o n s  i n  t h e  minera l  n i t r o g e n  compounds a r e  caused by 
d a i l y  f l u c t u a t i o n s  i n  t h e  zooplankton popula t ion .  I n  t h i s  c a s e ,  
no accumulation o f  t h e  f i n a l  p roduc t  o f  t h e  n i t r o g e n  t r a n s  forma- 
t i o n s  ( n i t r a t e )  t a k e s  p l a c e ,  and a l l  minera l  n i t rogenous  com- 
pounds reach  s t e a d y - s t a t e  c o n c e n t r a t i o n s  approximately  a f t e r  
25 days.  
The presence o f  phytoplankton i n  t h e  system cons ide rab ly  
changes t h e  n i t r o g e n  t r ans fo rma t ions  (F igure  5 c ) .  Compound 
concen t r a t i ons  reach  s t a t i o n a r y  l e v e l s  on t h e  f o u r t h  day. During 
t h e  f i r s t  d a y s t t h e  c o n t e n t  o f  minera l  m a t t e r  q u i c k l y  dec reases  
and a f t e r  t h e  t h i r d  day o n l y  smal l  f l u c t u a t i o n s  o f  ammonium 
a r e  observed; t h e s e  f l u c t u a t i o n s  r e s u l t  from t h e  d i u r n a l  
a c t i v i t y  o f  phytoplankton.  I n  t h e  system w i t h  phytoplankton,  
concen t r a t i ons  o f  n i t r i t e  and n i t r a t e  a r e  one order-of-magnitude 
less than i n  t h e  system w i t h  zooplankton. 
* Figure  6 shows r e s u l t s  f o r  t h e  chemostat  system. The 
i n i t i a l  c o n c e n t r a t i o n s  f o r  each compound a r e  p re sen ted  i n  Table 9. 
The same c o n c e n t r a t i o n s  f o r  t h e  n i t r o g e n  compounds w e r e  used by 
Na j a r i a n ,  Harleman ( 1975) i n  modeling n i t r o g e n  tu rnove r  i n  
n a t u r a l  wate r .  Values f o r  r a t e  c o n s t a n t s  w e r e  taken from Table 8. 
I n  t h e  chemostat  system t h e  concen t r a t i ons  o f  d i s s o l v e d  o rgan ic  
n i t r o g e n  and ammonium w e r e  assumed t o  be comparat ively  high-- 
2mg/R and 5  mg/R, r e s p e c t i v e l y  (Table 9 )  . The tempera ture  was 
cons idered  c o n s t a n t  (20°c) throughout  t h e  whole exper iment  (32 d a y s ) .  
* The r a t i o  Q/V was taken  t o  be equa l  0.774 f o r  t h i s  run. 
Figure 6. Modeling of the nitrogen transformations in chernostat systcrn 
with the help of Model 1.  Concentration changes of nitrogen 
compounds: a. DON,  b. NH4, NOZ, NO3, c. N b ,  PI,1, PJ,2. 
T a b l e  9: I n i t i a l  c o n c e n t r a t i o n s  o f  n i t r o g e n  compounds f o r  
Model 1  i n  F i g u r e  6  
S i m u l a t i o n  r e s u l t s  show t h a t  t h e  c o n c e n t r a t i o n  of d i s s o l v e d  
o r g a n i c  n i t r o g e n  i n c r e a s e s  i n  t h e  f i r s t  t w o  d a y s  a n d  s t a b i l i z e s  
a f t e r  t h e  1 5 t h  d a y  ( F i g u r e  6 a ) .  S m a l l  f l u c t u a t i o n s  a t  t h e  
s t e a d y - s t a t e  l e v e l  depend  o n  t h e  p h o t o s y n t h e t i c  a c t i v i t y  o f  
p l a n k t o n .  
- 
I n i t i a l  C o n c e n t r a t i o n s  o f  
N i t r o g e n  Compounds 
(mg/ R) 
DON = 0.11 
NH4 = 0.16 
NO2 = 0 .03  
NO3 = 0.32 
PL1 = 0  
PL2 = 0  
ND = 0.11 
The dynamic v a r i a t i o n s  o f  t h e  m i n e r a l  n i t r o g e n  compounds 
are shown i n  F i g u r e  6b.  Dur ing  t h e  f i r s t  t h r e e  d a y s  t h e  ammonium 
c o n t e n t  i n c r e a s e s  a n d  t h e n  b e g i n s  t o  d e c r e a s e .  M o s t  a m p l i t u d e  
f l u c t u a t i o n s  i n  t h e  ammonium c o n t e n t  w e r e  o b s e r v e d  d u r i n g  t h e  
p e r i o d  f rom t h e  6 t h  t o  t h e  1 0 t h  day ,  due  t o  p l a n k t o n  a c t i v i t i e s ,  
e s p e c i a l l y  p h y t o p l a n k t o n .  The n i t r i t e  c o n c e n t r a t i o n  h a s  a n  
i n t e r m e d i a t e  maximum o c c u r r i n g  be tween  t h e  3 r d  a n d  5 t h  d a y s ,  a n d  
a f t e r  t h a t  t h e  n i t r a t e  c o n t e n t  f a l l s .  I t  s t a b i l i z e s  by  t h e  1 0 t h  
day  a t  a  c o m p a r a t i v e l y  l o w  l e v e l  ( a p p r o x i m a t e l y  0.006 mg/R). 
C o n c e n t r a t i o n  o f  N i t r o g e n  
Compounds i n  I n f l o w  Water  
( m g / ~  
DON = 2.0 
NH4 = 5.0 
NO2 = 0.05 
NO3 = 0.002 
PL1 = 0.002 
PL2 = 0.03 
ND = 0 .2  
Dur ing  t h e  f i r s t  3  t o  4  d a y s ,  t h e  n i t r a t e  c o n t e n t  c h a n g e s  
s l o w l y .  Then o n  t h e  4 t h  t o  6 t h  d a y s ,  when t h e  p h y t o p l a n k t o n  
b e g i n  i n t e n s i v e  g rowth ,  n i t r a t e  b e g i n s  t o  d e c r e a s e  r a p i d l y .  
A f t e r  t h e  8 t h  day  t h e  n i t r a t e  c o n t e n t  s t a b i l i z e s  (0 .08  mgh ) 
w i t h  s m a l l  o s c i l l a t i o n s .  

Plank ton  biomasses w e r e  assumed t o  b e  e q u a l  t o  z e r o  a t  
t = 0.  I n  t h e  i n f l o w  w a t e r  o n l y  f i x e d  and low v a l u e s  o f  b io -  
masses w e r e  assumed (Tab le  9 )  . Under such c o n d i t i o n s  organisms 
b e g i n  t o  deve lop  a f t e r  an  a d a p t i v e  pe r i od .  Phy top lank ton  a d a p t  
i n  t h r e e  days ,  a f t e r  which t h e y  b e g i n  t o  i n c r e a s e  t h e i r  biomass 
a c t i v e l y  d u r i n g  t h e  n e x t  f o u r  days.  Phy top lank ton  a t t a i n  a 
maximum biomass v a l u e  between t h e  8 t h  a ~ d  1 1 t h  days .  During 
t h e  same p e r i o d ,  biomass f l u c t u a t i o n s  are observed .  These 
f l u c t u a t i o n s  are connected  w i t h  t h e  changes o f  l i g h t  i n t e n s i t y .  
A t  t h a t  t i m e  t h e  l a r g e s t  ampl i tude  i n  t h e  f l u c t u a t i o n  o f  
ammonium c o n c e n t r a t i o n ,  a s  t h e  p roduc t  o f  phy top lank ton  a c t i v i t y ,  
w e r e  observed.  
By t h e  16 th  day phy top lank ton  c o n c e n t r a t i o n  d e c r e a s e s  
approx imate ly  by f i v e  t i m e s  ( i n  comparison w i t h  t h e  8 t h  and 1 1 t h  
d a y s ) ,  and t h e  s t e a d y - s t a t e  l e v e l  o f  biomass i s  e s t a b l i s h e d  
from t h e  16 th  t o  t h e  20 th  day,  w i t h  s m a l l  d a i l y  f l u c t u a t i o n s  
r e s u l t i n g  from l i g h t  i n t e n s i t y  change. During t h e  f i r s t  s i x  
days ,  a f t e r  t h e  a d a p t i v e  p e r i o d ,  zooplankton beg in  t o  deve lop  
i n  t h e  system. T h e i r  growth becomes most a c t i v e  on t h e  t e n t h  
day; t h e r e f o r e ,  d u r i n g  t h i s  p e r i o d  t h e  r e d u c t i o n  o f  phy top lank ton  
c o n c e n t r a t i o n  i s  obse rved .  Zooplankton growth rate i s  g r a d u a l l y  
de c r e a s e d  and a f t e r  2 5  days  i t s  c o n c e n t r a t i o n  r e a c h e s  t h e  s t e ady -  
s t a t e  l e v e l .  During t h i s  p e r i o d  o n l y  sma l l  d a i l y  f l u c t u a t i o n s  
o f  zooplankton biomass are observed  a s  a r e s u l t  o f  t h e  i n f l u e n c e  
o f  l i g h t  i n t e n s i t y .  
The c o n t e n t  o f  d e t r i t a l  n i t r o g e n  f l u c t u a t e s  o v e r  a s m a l l  
range.  Some i n c r e a s e  o f  d e t r i t u s  i s  s e e n  between t h e  7 t h  and 
9 t h  days ,  when phy top lank ton  biomass r e a c h e s  i t s  maximum. The 
n i t r o g e n  c o n t e n t  i n  t h e  d e t r i t u s  remains  p r a c t i c a l l y  unchanged 
a f t e r  t e n  days .  I ts  s m a l l  f l u c t u a t i o n s  g e n e r a l l y  c o i n c i d e  w i t h  
t h e  change o f  phy top lank ton  a c t i v i t y .  
The changes  o f  d i s s o l v e d  oxygen c o n t e n t  i n  t h e  sys tem a r e  
shown i n  F igu re  7a. I n  t h i s  case t h e  i n f l u e n c e  o f  a tmosphere  
r e - a e r a t i o n  i s  n o t  t aken  i n t o  accoun t  and t h e  obse rved  
o s c i l l a t i o n s  o f  d i s s o l v e d  oxygen c o n c e n t r a t i o n s  a r e  t h e  r e s u l t  
o f  p h o t o s y n t h e t i c  phy top lank ton  a c t i v i t y .  For  e s t i m a t i n g  t h e  
p h o t o s y n t h e t i c  p roduc t i on  o f  oxygen, t h e  r e l a t i o n s h i p  g i v e n  i n  
F i g u r e  7b was used .  T h i s  dependence shows t h e  p h o t o s y n t h e t i c  
v e l o c i t y  o f  oxygen l i b e r a t i o n  (Vo2)  a s  a  f u n c t i o n  o f  t h e  s p e c i f i c  
r a t e  o f  n i t r o g e n o u s  m a t t e r  l i b e r a t i o n  (LF)  by p h y t o p l a n k t o n .  
Th i s  dependence i s  d e s c r i b e d  by e q u a t i o n  ( 3 8 ) .  The v a l u e s  used  
f o r  t h e  c o e f f i c i e n t s  ( g 1 8  = 48; g19 = 0.3; Tab le  8)  may b e  more 
p r e c i s e l y  e s t i m a t e d  i n  s p e c i a l  l a b o r a t o r y  e x p e r i m e n t s .  
S i m u l a t i o n  r e s u l t s  show t h a t  t h e  oxygen c o n t e n t  d e c r e a s e s  
from 9.18 mg O 2 / t t o  2 .8  mg 02/R d u r i n g  t h e  f i r s t  3  t o  4 d a y s ,  
when phy top lank ton  do n o t  grow. A t  t h a t  t ime  t h e  p r o c e s s  o f  
phy top lank ton  a d a p t a t i o n  t o  env i ronmenta l  c o n d i t i o n s  t a k e s  p l a c e .  
When phy top lank ton  b e g i n  a c t i v e  growth,  most v a r i a t i o n s  a r e  
obse rved  i n  t h e  c o n t e n t  o f  t h e  d i s s o l v e d  oxygen,  which i n c r e a s e s  
i n  t h e  dayt ime w i t h  p h o t o s y n t h e t i c  oxygen p r o d u c t i o n  and 
d e c r e a s e s  d u r i n g  d a r k n e s s  th rough  oxygen consumption i n  t h e  
o x i d a t i o n  o f  n i t r o g e n o u s  m a t t e r  and f o r  t h e  r e s p i r a t i o n  o f  
organisms.  I n  t h i s  c a s e  t h e  p h o t o s y n t h e t i c  oxygen p r o d u c t i o n  
is  h i g h e r  t h a n  t h e  oxygen consumption d u r i n g  t h e  dayt ime.  
Thus, it a p p e a r s  t h a t  changes i n  t h e  c o n c e n t r a t i o n s  o f  a l l  
components depends on t h e  p l a n k t o n  o rgan i sms .  The t r a n s f o r m a t i o n  
a c t i v i t y  o f  phy top lank ton  i s  h i g h e r  t h a n  t h a t  o f  zooplankton.  
However, t h e  p r e s e n c e  o f  zooplankton h a s  a  s t i m u l a t i v e  e f f e c t  
on phy top lank ton  a c t i v i t y .  T h e i r  biomass i s  m a i n t a i n e d  a t  a  
compara t ive ly  low l e v e l  i n  t h e  s t a t e  o f  p o t e n t i a l  growth.  I n  
o t h e r  words, t h e  phy top lank ton  p o p u l a t i o n  i s  m a i n t a i n e d  i n  a  
s t a t e  o f  s o - c a l l e d  " l o g a r i t h m i c  growth" ,  when t h e  o rgan i sms  
a r e  most a c t i v e .  
The c o n t e n t  o f  ammonium is  g r e a t e s t  i n  t h e  i n f l o w  w a t e r  i n  
comparison w i t h  t h e  c o n c e n t r a t i o n  o f  o t h e r  m i n e r a l  n i t r o g e n  
compounds. Ammonium c o n c e n t r a t i o n  i s  a l s o  m a i n t a i n e d  by a  
compara t ive ly  h i g h  c o n t e n t  o f  d i s s o l v e d  o r g a n i c  n i t r o g e n  which 
t r a n s f o r m s  t o  ammonium. A f t e r  approx imate ly  15 d a y s ,  a l l  com- 
pound c o n c e n t r a t i o n s  become e v e n l y  b a l a n c e d ,  which i s  due t o  
t h e  f o l l o w i n g  f a c t o r s :  ( 1 )  t h e  r a t e  o f  t h e  i n f l o w  w a t e r ;  
( 2 )  r a t i o s  between chemical  compounds i n  t h e  e x p e r i m e n t a l  
system and t h e  i n f l o w  w a t e r ;  ( 3 )  p l a n k t o n  c o n c e n t r a t i o n s  and 
t h e i r  a c t i v i t i e s ;  and ( 4 )  t e m p e r a t u r e  and l i g h t  i n t e n s i t y .  
A l t e r a t i o n  of  a t  l e a s t  one  o f  t h e  above f a c t o r s  w i l l  change t h e  
e q u i l i b r i u m  and e s t a b l i s h  new s t e a d y - s t a t e  c o n c e n t r a t i o n s  i n  
co r respondence  w i t h  t h e  new c o n d i t i o n s .  T h e r e f o r e ,  t h e  r e s u l t s  
o f  t h i s  p r e v i o u s  r u n  f o r  Model 1  show t h a t  i t  i s  p o s s i b l e ,  i n  
p r i n c i p l e ,  t o  u s e  i t  f o r  s t u d y i n g  e c o l o g i c a l  p r o c e s s e s  i n  b a t c h  
and chemosta t  e x p e r i m e n t a l  sys tems;  t h e  i n f l u e n c e  o f  env i ron-  
menta l  f a c t o r s  o n  p l a n k t o n  a c t i v i t i e s  and rates  o f  chemical  
t r a n s f o r m a t i o n s  o f  n i t r o g e n o u s  m a t t e r  a r e  i n c l u d e d .  A s p e c i a l  
s t u d y  must be  conduc ted  t o  a n a l y z e  t h e  model s e n s i t i v i t y  t o  
changes o f  v a l u e s  f o r  t h e  p r e f e r e n c e  c o e f f i c i e n t s .  The i d e a  o f  
* 
normal ized  v a l u e s  o f  t h e  p r e f e r e n c e  c o e f f i c i e n t s  f o r  a l l  food  
s o u r c e s ,  u s i n g  t h e  h y p o t h e s i s  t h a t  C 4 =  1,  would r e q u i r e  a  
s p e c i a l  s t u d y  o f  model s t r u c t u r e .  
G e n e r a l l y  s p e a k i n g  Model 1  can  b e  used  f o r  s t u d y i n g  t h e  
t r a n s f o r m a t i o n  p r o c e s s e s  o f  n i t r o g e n o u s  compounds under  n a t u r a l  
c o n d i t i o n s .  For t h i s  purpose ,  it would be  n e c e s s a r y  t o  make 
some a d d i t i o n s  t o  t h e  model i n  o r d e r  t o  a c c o u n t  f o r  hydro- 
dynamical  s i t u a t i o n s  and t h o s e  o t h e r  e n v i r o n m e n t a l  f a c t o r s  
which a r e  e s p e c i a l l y  s i g n i f i c a n t  f o r  a  g i v e n  w a t e r  body. 
5. DESCRIPTION OF MODEL 2 
I t  i s  e v i d e n t  from t h e  p r e v i o u s  d i s c u s s i o n  on t h e  
t h e o r e t i c a l  a s p e c t s  o f  n i t r o g e n  t r a n s f o r m a t i o n ,  t h a t  a u t o t r o p h i c  
and h e t e r o t r o p h i c  b a c t e r i a  a r e  i m p o r t a n t  e l e m e n t s  f o r  t h e  con- 
v e r s i o n  and c y c l i n g  o f  n i t r o g e n  i n  a  w a t e r  envi ronment .  Model 
2 ,  i n  comparison t o  Model 1 ,  i n c l u d e s  t h e  b iomasses  o f  t h r e e  
t y p e s  o f  b a c t e r i a  r e s p o n s i b l e  f o r  n i t r o g e n  t r a n s f o r m a t i o n ,  
Nitrosomonas (B1 ) , N i t r o b a c t e r  ( B 2 )  , and h e t e r o t r o p h s  ( B ~ )  . I t  
a l s o  c o n s i s t s  o f  two g roups  o f  p l a n k t o n  organisms (PL1 and PL2) ,  
d i s s o l v e d  o r g a n i c  n i t r o g e n  (DON) , ammonium (NH,, ) , n i t r i t e  (NO2)  , 
n i t r a t e  ( N O 3 ) ,  n i t r o g e n o u s  d e t r i t u s  (ND) and oxygen (02) a s  w e l l  
a s  Model 1 .  
The comple te  scheme o f  n i t r o g e n  t r a n s f o r m a t i o n ,  which 
r e p r e s e n t s  t h e  r e l a t i o n s h i p s  between microorganisms and chemica l  
compounds, h a s  a l r e a d y  been d i s c u s s e d .  
* K .  F e d r a  (IIASA),  p e r s o n a l  communication 
Figure 8. The block-scheme of the compound associations for Model 2. 
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Thi s  scheme i s  shown i n  F igu re  8. These r e l a t i o n s h i p s  
have been cons idered  i n  Model 2 t o  form a  complex i n t e r a c t i n g  
system t h a t  s i m u l a t e s  n i t r o g e n  t r ans fo rma t ions  under l a b o r a t o r y  
c o n d i t i o n s  such a s  chemosta t  and bat,ch systems.  The parameter  
V d e f i n e s  t h e  volume o f  t h i s  system and paramete r  Q d e f i n e s  t h e  
r a t e  o f  i n f low  o f  wate r  ( f o r  a  chemostat  s y s t e m ) .  A d e s c r i p t i o n  
of  t h e  i n d i v i d u a l  e q u a t i o n s  o f  Model 2 i s  p r e s e n t e d  below. 
I n  t h e  g iven  model, microorganism dynamics a r e  d e s c r i b e d  
by t h e  fo l lowing  equa t ions :  
where 
UP1 , UP2 , UPBl , UPB2 , UPB3 a r e  t h e  t o t a l  s p e c i f i c  uptake 
r a t e s  o f  n i t r o g e n  compounds by p lank ton  organisms from t h e  
f i r s t  and second groups ,  and by Nitrosomonas, N i t r o b a c t e r  and 
h e t e r o t r o p h s ,  r e s p e c t i v e l y  ( a l l  day-' ) ; 
L1  , L 2  , LB1 , LB2 , LB3 a r e  t h e  s p e c i f i c  r a t e s  o f  metabol ic  
- 1 
e x c r e t i o n  o f  t h e  same microorganisms (day ) ; 
S 1  , S 2  , SB1 , SB2 , SB3 a r e  s p e c i f i c  non-predat ion m o r t a l i t y  
- 1 
r a t e s  o f  t h e  same microorganisms (day ) ; 
K 7  i s  r a t e  c o n s t a n t  f o r  g r a z i n g  o f  t h e  f i r s t  g r o u p  o f  p l a n k t o n  
- 1 
organ i sms  by h i g h e r  t r o p h i c  o rgan i sms  (day  1 ;  
' 1 ~ ~ 2  ' 1 ~ 1  ' 1 ~ 2  ' 1 ~ 3  a r e  s p e c i f i c  r a t e s  o f  g r a z i n g  o f  
p l a n k t o n  o f  t h e  second  g r o u p ,  Ni t rosomonas ,  N i t r o b a c t e r  and  
- 
h e t e r o t r o p h s  r e s p e c t i v e l y ,  by t h e  f i r s t  p l a n k t o n  g r o u p  (day- '  ; 
PLY , PL; , BY , B; , B: a r e  mic roorgan i sm c o n c e n t r a t i o n s  i n  t h e  
i n f l o w  w a t e r  f o r  a  c h e m o s t a t  s y s t e m  (mgN/&) . 
The same s t r u c t u r e  o f  e q u a t i o n s  a r e  u s e d  h e r e ,  a s  i n  Model 
1 ,  f o r  t h e  d e s c r i p t i o n  o f  s p e c i f i c  r a t e s  o f  u p t a k e ,  e x c r e t i o n  
and m o r t a l i t y  o f  p l a n k t o n  o r g a n i s m s ,  and  t h e r e f o r e  t h e y  w i l l  b e  
d i s c u s s e d  i n  t h i s  c h a p t e r  v e r y  b r i e f l y .  
The t o t a l  s p e c i f i c  u p t a k e  r a t e s  o f  n u t r i e n t s  by p l a n k t o n  
o r g a n i s m s  from t h e  f i r s t  and second  g roups  a r e  d e s c r i b e d  by 
e q u a t i o n s  ( 5 )  and ( 6 ) ,  r e s p e c t i v e l y .  I n  compar i son  w i t h  Model 
1 t h e  n i t r o g e n  p o o l  f o r  t h e  f i r s t  p l a n k t o n  g r o u p  (PoolN1) 
i n c l u d e s  a  l a r g e r  number o f  n i t r o g e n  s o u r c e s  a n d  is g i v e n  by 
where di a r e  p r e f e r e n c e  c o e f f i c i e n t s .  
* 
The n i t r o g e n  p o o l  f o r  t h e  second  p l a n k t o n  g r o u p  (PoolN2) 
i n c l u d e s  t h e  same n i t r o g e n  s o u r c e s  a s  i n  Model 1 :  
Uptake o f  e a c h  n i t r o g e n  s o u r c e  by p l a n k t o n  o r g a n i s m s  from 
t h e  f i r s t  and second  g r o u p s  may b e  e x p r e s s e d  by t h e  g e n e r a l  
* *  
e q u a t i o n s  : 
* I t  i s  assumed t h a t  t h e  second  g r o u p  i s  p h y t o p l a n k t o n  
* *  K 1 l  K 2 r  R T Z t  RTF, R I Z ,  RIF c o e f f i c i e n t s  a r e  t h e  same i n  
Models 1  and  2.  
f o r  t h e  f i r s t  K 1  *RTZ*RIZ*di-N 
- 
p l a n k t o n  group PoolNl + PL1 
where i f o r  d  i s  changed from 1  t o  9  when N = B1 , B2 , B3 , 
PL2 ND NH4 , No2 , NO3 , DON , r e s p e c t i v e l y ;  
f o r  t h e  second 
- 
* d  * N  K 2 ' R T ~ o R 1 ~  i 
- 
p l a n k t o n  g roup  ' 2 ~  PoolN2 + P L ~  
where i f o r  d  i s  changed from 10 t o  13  when N = NH4 , NO2 , 
NO3 , DON, r e s p e c t i v e l y .  
Uptake o f  n u t r i e n t s  by p l a n k t o n  o rgan i sms  i s  d e t e r m i n e d  by 
t e m p e r a t u r e  and l i g h t .  Model 2  i n c l u d e s  t h e  same e q u a t i o n  as 
* 
Model 1  f o r  t h e  d e s c r i p t i o n  o f  r e d u c t i o n  c o e f f i c i e n t s  f o r  
t e m p e r a t u r e  and l i g h t  dependence o f  p l a n k t o n  growth.  
The k i n e t i c s  o f  s u b s t r a t e  up take  by b a c t e r i a  i s  d e s c r i b e d  
i n  Model 2  by t h e  Longmuir-Hinshelwood e q u a t i o n s  ( A j z a t u l l i n ,  
1974) : 
- f o r  Nitrosomonas UPBl - K 3 ' R ~ ~ 1  + G1 * N H 4  
- f o r  N i t r o b a c t e r  UPBZ - K 4  ' R ~ ~ 2  'N02 1  + G2*N02 
K 5 ' R ~ ~ 3  DON 
- heterOtrOphs - ( 1  + G ~ - D O N )  (1 + G ~ ~ - M ~ ~ )  (50)  
where K 3 ,  K 4  and K 5  a r e  r a t e  c o n s t a n t s  f o r  t h e  up take  o f  
n u t r i e n t s  by Nitrosomonas,  N i t r o b a c t e r  and h e t e r o t r o p h s  
* See e q u a t i o n s  (19)  - (22)  and T a b l e s  2 and 3. 
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Figure 9. Uptake rate reduction with temperatrrrc for bacteria. 
-1 -1  [ ( m g ~ / g ) -  day 1 ;  G I ,  G2 and G a r e  c o n s t a n t s ,  t h e  dimensions 3  
o f  which a r e  g .  The uptake o f  n u t r i e n t s  by b a c t e r i a  i s  
r egu la t ed  by tempera ture  and t h e  va lues  of  t h e  K 3 ,  K 4  and K 5  
c o e f f i c i e n t s  a r e  c o r r e c t e d  by reduc ing  c o e f f i c i e n t s  R TBI  ' R ~ ~ 2  
and qTB3, which d e s c r i b e  t h e  dependence on tempera ture  f o r  t h e  
same b a c t e r i a .  He te ro t roph ic  b a c t e r i a  are most a c t i v e  a t  
22O-25O~ (Leonov, 1975) ,  whi le  n i t r i f y i n g  b a c t e r i a  a r e  most 
a c t i v e  a t  3 0 " ~  (Borchard t ,  1966; Wild e t  a l ,  1971) .  These d a t a  
were used f o r  t empera ture  c o r r e c t i o n  of t h e  up take - r a t e  con- 
s t a n t s  f o r  b a c t e r i a  and t h e  'curves f o r  t empera ture  dependence 
a r e  p resen ted  i n  F igure  9. They a r e  d e s c r i b e d  by 
Equation (50) t a k e s  i n t o  account  t h e  dec reas ing  s p e c i f i c  
r a t e  o f  h e t e r o t r o p h i c  uptake of  DON by i n h i b i t o r y  m e t a b o l i t e s  
which a r e  impor tan t  f o r  a  c lo sed  exper imenta l  system 
( Ie rusa l imsky ,  1963).  I n  t h i s  equa t ion  MB3 i s  t h e  c o n c e n t r a t i o n  
o f  i n h i b i t o r y  m e t a b o l i t e  (mg/0) and G I s  i s  an i n h i b i t o r y  con- 
s t a n t  (mg/g ) -'. 
The s p e c i f i c  r a t e s  of  e x c r e t i o n  o f  p lankton  organisms a r e  
descr ibed  i n  Model 2  by equa t ions  (23)  and (24 ) .  For b a c t e r i a ,  
t h e s e  c h a r a c t e r i s t i c s  a r e  p resen ted  by an equa t ion  i n  t h e  gene ra l  
form: 
where i = 1 , 2 , 3 f o r  Nitrosomonas, N i t r o b a c t e r  and he t e ro -  
t rophs ,  r e s p e c t i v e l y .  
E x c r e t i o n  a c t i v i t y  f o r  p l a n k t o n  o rgan i sms  from t h e  f i r s t  
and second groups  a r e  g i v e n  by e q u a t i o n s  (25)  and ( 2 6 )  . For 
b a c t e r i a ,  t h i s  i s  w r i t t e n  a s  f o l l o w s  
where i = 1 , 2  , 3  f o r  Nitrosomonas,  N i t r o b a c t e r  and h e t e r o -  
t r o p h s .  a i  has  t h e  d imensions  (day)  . 
The s p e c i f i c  r a t e s  o f  non-predat ion  m o r t a l i t y  o f  a l l  micro- 
organism s p e c i e s  i n c l u d e d  i n  Model 2 a r e  d e s c r i b e d  by 
f o r  t h e  f i r s t  p l a n k t o n  group S1 = G4 + G S m r l  (55)  
f o r  t h e  second p l a n k t o n  group '2 = G6 + G 7 * r 2  (56)  
f o r  Nitrosomonas SB1= G8 + G * r  9  B1 (57)  
f o r  N i t r o b a c t e r  ' ~ 2 '  G1O + G 1 1 ' r ~ 2  ( 5 8 )  
f o r  h e t e r o t r o p h s  ' ~ 3 '  G12 + G 1 3 . r ~ 3  + G 1 4 ' " ~ 3  (59)  
- 1 
where G4 - G 1 3  a r e  c o n s t a n t s  which have t h e  d imens ions  day ; 
- 1  
and G 1 4  h a s  d imensions  [(mg/k)- '  day 1 .  
E q u a t i o n s  (55)  - (59)  a c c o u n t  f o r  t h e  f a c t  t h a t  under  s t e a d y -  
s t a t e  c o n d i t i o n s  t h e  s p e c i $ i c  m o r t a l i t y  r a t e  o f  e a c h  micro- 
organism does  n o t  change i n  p r a c t i c e .  A change i n  t h e  c o n d i t i o n s  
under which microorganisms e x i s t  may c a u s e  a  change i n  t h e i r  
s p e c i f i c  m o r t a l i t y  r a t e s .  The i n f l u e n c e  o f  env i ronmenta l  f a c t o r s  
i s  accoun ted  f o r  by i n t r o d u c i n g  a d d i t i o n a l  t e rms  which show t h e  
dependence o f  t h e  m o r t a l i t y  r a t e s  o f  microorganisms on e x c r e t i o n  
a c t i v i t y  and f o r  h e t e r o t r o p h i c  b a c t e r i a  on  t h e  m e t a b o l i c  
i n h i b i t o r y  p r o d u c t  ( M B 3 ) .  The e c o l o g i c a l  s i g n i f i c a n c e  o f  
m e t a b o l i t e s  e x c r e t e d  i n t o  t h e  w a t e r  envi ronment  by growing 
microorganisms h a s  been d i s c u s s e d  i n  d e t a i l  by Lucas ( 1 9 6 4 ) .  
I n h i b i t o r y  m e t a b o l i t e s  a r e  e s p e c i a l l y  i m p o r t a n t  f o r  s t u d y i n g  t h e  
t r a n s f o r m a t i o n s  caused by b a c t e r i a  i n  c l o s e d  (or  b a t c h )  sys tems 
( I e r u s a l i m s k y , l 9 6 3 ) .  Some p r i n c i p a l  q u e s t i o n s  f o r  u s i n g  such  
schemes f o r  d e s c r i b i n g  t h e  dynamics o f  h e t e r o t r o p h i c  b a c t e r i a  
have been d i s c u s s e d  by A j z a t u l l i n  and Leonov (197513). The same 
scheme o f  m e t a b o l i t e  i n f l u e n c e  o n  microorganism m o r t a l i t y  may be  
used f o r  any type  o f  microorganisms when t h e r e  i s  a  n e c e s s i t y  
f o r  t a k i n g  t h i s  phenomena i n t o  a c c o u n t  i n  a  s i m u l a t i o n  o f  t h e  
dynamics o f  c e r t a i n  microorganism groups  i n  c l o s e d  s y s t e m s .  
Thus t h e  m e t a b o l i c  i n h i b i t o r y  p r o d u c t  (MB3)  f o r  h e t e r o -  
t r o p h i c  b a c t e r i a  i s  n o t  i d e n t i f i e d  h e r e  and it i s  i n t r o d u c e d  i n  
Model 2 a s  a  formal  pa ramete r  to  make t h i s  model more f l e x i b l e  
f o r  t h e  s i m u l a t i o n  o f  n i t r o g e n  t r a n s f o r m a t i o n s  i n  exper imenta l .  
sys tems and b a t c h  sys tems ,  i n  p a r t i c u l a r .  Changes i n  t h e  con- 
c e n t r a t i o n  o f  MB3 a r e  g i v e n  by 
where q10 i s  t h e  p o r t i o n  o f  m e t a b o l i t e  e x c r e t e d  by h e t e r o t r o p h s  
( a  d i m e n s i o n l e s s  p a r a m e t e r ) ;  K8 i s  t h e  r a t e  c o n s t a n t  f o r  
- 1 0 decompos i t ion  of MB3 (day ) ; MB3 i s  t h e  c o n t e n t  o f  m e t a b o l i t e  
i n  m g ~ / k  i n  t h e  i n f l o w  w a t e r  f o r  t h e  chemos ta t  sys tem.  
I t  i s  assumed t h a t  t h e  f r a c t i o n  o f  e x c r e t e d  m e t a b o l i t e ,  
which a c t s  a s  an  i n h i b i t o r  o f  h e t e r o t r o p h s ,  i s  ve ry  s m a l l  i n  
comparison t o  o t h e r  m e t a b o l i c  p r o d u c t s ,  t h a t  i s  o r g a n i c  and 
m i n e r a l  n i t r o g e n  compounds. For open sys tems u s i n g  i n h i b i t o r y  
m e t a b o l i t e s  i n  a  k i n e t i c  scheme is  o b v i o u s l y  unreasonab le .  I n  
t h i s  c a s e ,  t h i s  t e r m  can  b e  n e g l e c t e d  and i t s  v a l u e  must  b e  e q u a l  
t o  ze ro .  
Biochemical  s u b s t a n c e s  a p p e a r  a s  a  r e s u l t  o f  t h e  decay o f  
microorganisms and p a r t i c u l a t e  f r agments  i d e n t i f i e d  a s  o rgan i sms  
remain. These p a r t i c u l a t e  components a r e  u s u a l l y  c a l l e d  d e t r i t u s .  
The change o f  n i t r o g e n o u s  d e t r i t u s  i s  d e s c r i b e d  h e r e  by t h e  
f o l l o w i n g  e q u a t i o n  
where q l - q  a r e  d i m e n s i o n l e s s  c o e f f i c i e n t s ;  K 6  i s  a  r a t e  c o n s t a n t  5 
- 1  
o f  d i r e c t  t r a n s f o r m a t i o n  o f  d e t r i t u s  t o  DON (day ) ;  K is  a  
- 1  9 
r a t e  c o n s t a n t  f o r  t h e  s e d i m e n t a t i o n  o f  d e t r i t u s  (day 1 ;  No is  D 
t h e  c o n t e n t  o f  d e t r i t u s  (mgN/~)  i n  i n f l o w  w a t e r  f o r  t h e  chemo- 
s t a t  system. 
The dynamics o f  n i t r o g e n  compounds a r e  g i v e n  i n  Model 2  by 
t h e  f o l l o w i n g  e q u a t i o n s  
- P 1 ~ ~ ~ * P L 1  - ' 2 ~ 0 ~  *PL2 - UPB3 B3 - (Q/V) (DON - DONO) 
where qi a r e  d i m e n s i o n l e s s  c o e f f i c i e n t s ;  LF i s  t h e  r a t e  o f  photo-  
s y n t h e t i c  p r o d u c t i o n  o f  DON by t h e  second p l a n k t o n  g roup  ( d a y - ' ) ;  
0 0 0 
DONO, NH,,. NO2 and NO3 a r e  c o n c e n t r a t i o n s  o f  n i t r o g e n  compounds 
(mgN/L) i n  t h e  i n f l o w  w a t e r .  
F r a c t i o n s  o f  e x c r e t i o n  ( q i )  o f  n i t r o g e n  compounds by micro- 
organisms may o b v i o u s l y  change. T h i s  depends on t h e  p h y s i o l o g i c a l  
s t a t e  o f  t h e  p o p u l a t i o n  and on t h e  t y p e  o f  w a t e r  t h a t  i s  under 
o u r  i n v e s t i g a t i o n .  T h e r e f o r e  v a l u e s  o f  qi i n  e q u a t i o n s  (62)  - (65)  
may be  t a k e n  t o  r a n g e  from 0  t o  1 .  
The t e m p e r a t u r e  c o r r e c t i o n  f o r  t h e  r a t e  c o n s t a n t s  o f  
i n d i v i d u a l  s t a g e s  o f  n i t r o g e n  t r a n s f o r m a t i o n  i s  i n c l u d e d  i n  t h i s  
model. The d e s c r i p t i o n  o f  t e m p e r a t u r e  c o r r e c t i o n s  f o r  t h e  r a t e  
c o n s t a n t s  K - K 5  was c o n s i d e r e d  p r e v i o u s l y .  The r a t e  c o n s t a n t  1 
f o r  d e t r i t u s  t r a n s f o r m a t i o n  t o  DON ( K 6 )  is  dependen t  on 
t e m p e r a t u r e  (Naj  a r i a n ,  Harleman, 19 75) : 
where K 6  (OoC1 i s  t h e  v a l u e  f o r  t h i s  c o n s t a n t  a t  OOC; T  i s  w a t e r  
0 t e m p e r a t u r e  i n  C .  
The dependence on t e m p e r a t u r e  o f  K 8  and K g  i s  g i v e n  by t h e  
g e n e r a l  e q u a t i o n  
where K 0 8f9  a r e  r a t e  c o n s t a n t s  a t  T C ;  K 8 f 9 ( 2 0 0 C )  a r e  v a l u e s  f o r  
t h e  same c o n s t a n t s  a t  20°c; G15 i s  t h e  t e m p e r a t u r e  c o e f f i c i e n t .  
The change i n  t e m p e r a t u r e  o f  t h e  w a t e r  i s  d e s c r i b e d  by e q u a t i o n  
(37)  - 
An e x p r e s s i o n  f o r  t h e  dynamics o f  d i s s o l v e d  oxygen i s  
p r e s e n t e d  h e r e  by 
where q l 1 ,  q 1 3 ,  915'  9171 q19 and G16 a r e  o p t i o n a l  c o e f f i c i e n t s  
( d i m e n s i o n l e s s  p a r a m e t e r s )  ; q 1 2 ,  914 , q 1 6  , q1  and q20  a r e  
s t o i c h i o m e t r i c  c o n s t a n t s ;  Vo2 i s  t h e  r a t e  o f  p h o t o s y n t h e t i c  
p r o d u c t i o n  o f  oxygen by phy top lank ton  (mg02/mgN/day) ; Kre i s  
Sat i s  t h e  oxygen t h e  r a t e  o f  a t m o s p h e r i c  r e - a e r a t i o n  (day- ')  ; O2 
s a t u r a t i o n  c o n c e n t r a t i o n  (mg02/R). 
Thus e q u a t i o n  (68)  t a k e s  i n t o  a c c o u n t  b o t h  t h e  i n c r e a s e  o f  
oxygen c o n t e n t  by p h o t o s y n t h e s i s  and a tmospher ic  r e - a e r a t i o n  
and t h e  d i l u t i o n  by i n f l o w  w a t e r  f o r  t h e  chemos ta t  sys tem.  I t  
a l s o  i n c l u d e s  p l a n k t o n  r e s p i r a t i o n  and t h e  o x i d a t i o n  o f  n i t r o g e n  
compounds. The c o n t e n t  o f  d i s s o l v e d  oxygen a t  i t s  s a t u r a t i o n  
p o i n t  i s  c a l c u l a t e d  from an e m p i r i c a l  r e l a t i o n s h i p  w i t h  
t e m p e r a t u r e ,  i . e .  by e q u a t i o n  ( 3 6 ) .  The s p e c i f i c  r a t e  o f  photo-  
s y n t h e t i c  p r o d u c t i o n  o f  oxygen by phy top lank ton  i s  g i v e n  by an  
e q u a t i o n  o f  t h e  same s t r u c t u r e  a s  t h a t  f o r  Model 1 :  
where q21  i s  an o p t i o n a l  pa ramete r ;  q22  i s  a  s t o i c h i o m e t r i c  co- 
e f f i c i e n t  (mg02/mgN) and q24  and q25 a r e  d i m e n s i o n l e s s  p a r a m e t e r s .  
The main f a c t o r  which a f f e c t s  t h e  r a t e  o f  r e - a e r a t i o n  ( K r e )  
i s  t e m p e r a t u r e .  An e m p i r i c a l  r e l a t i o n s h i p  between r e - a e r a t i o n  
r a t e  and t e m p e r a t u r e  ( I s a a c ,  Gaudy, 1968) h a s  been used i n  
Model 2  
where G 1 7  i s  t h e  r a t e  c o n s t a n t  o f  r e - a e r a t i o n  ( d a y - ~ ' )  .
Together  w i t h  t h e  g e n e r a l  e s t i m a t i o n  o f  d i s s o l v e d  oxygen 
c o n t e n t ,  t h i s  model a l s o  t a k e s  i n t o  c o n s i d e r a t i o n  t h e  oxygen 
consumption by r e s p i r a t i o n  o f  t h e  f i r s t  and second p l a n k t o n  
g roups ;  it a l s o  a c c o u n t s  f o r  o x i d a t i o n  o f  o r g a n i c  and m i n e r a l  
n i t r o g e n  forms s e p a r a t e l y .  The f o l l o w i n g  f i v e  e q u a t i o n s  
d e s c r i b e  t h e  dynamics o f  b iochemica l  oxygen consumption (BOCi) 
f o r  each  i n d i v i d u a l  p r o c e s s :  
r e s p i r a t i o n  o f  t h e  dBOC 
f i r s t  p l a n k t o n  group d t  = q11'912'L1'PL1 
r e s p i r a t i o n  o f  t h e  dBOC2 
- 
second p l a n k t o n  g roup  d t  -L *PL2 - q13'q14 2  
o x i d a t i o n  o f  NH4 dBOC 
- 
d t  - q 1 5 ' q 1 6 ' L ~ 1  0 ~ 1  
o x i d a t i o n  o f  NO2 
o x i d a t i o n  o f  DON dBOC5 
dt = q 1 9 - q 2 0 ' L ~ 3 ' B 3  (75)  
E s t i m a t e s  f o r  t h e  s e p a r a t e  r a t e s  o f  oxygen consumption c a n  
b e  u s e f u l  f o r  a n a l y z i n g  t h e  s y s t e m ' s  b e h a v i o r  a s  a  whole and f o r  
s t u d y i n g  t h e  i n f l u e n c e  o f  n i t r o g e n  compounds on t h e  oxygen regime 
a t  any moment o f  t i m e .  By u s i n g  o n l y  i n t e g r a l  c h a r a c t e r i s t i c s ,  
namely t o t a l  oxygen c o n t e n t  i n  t h e  w a t e r ,  it i s  d i f f i c u l t  t o  
e s t i m a t e  t h e  i n f l u e n c e  o f  n i t r o g e n  compounds on t h e  oxygen 
regime,  b u t  by u s i n g  d i f f e r e n t i a t e d  r a t e s  o f  oxygen consumption,  
t h i s  i s  f a i r l y  e a s y  t o  accompl i sh .  T o t a l  b i o c h e m i c a l  oxygen con- 
sumption i s  r e p r e s e n t e d  by t h e  sum o f  
Model 2 a l s o  i n c l u d e s  c a l c u l a t i o n s  o f  c e r t a i n  summations 
o f  t h e  n i t r o g en o u s  compounds. They can  be  o f  s p e c i a l  i n t e r e s t  
i n  a n a l y z i n g  t h e  r e s u l t s  o f  modeling,  f o r  s t u d y i n g  t h e  dynamic 
p r o p e r t i e s  o f  i n d i v i d u a l  n i t r o g e n  subs t ances ,  and f o r  examining 
n i t r o g e n  b a l an ce  a s  a  whole. The fo l l owing  summations can  be 
made : 
1. t o t a l  n i t r o g e n  c o n t e n t  i n  l i v i n g  m a t t e r  
N l i v i n g  = PL1 + PL2 + B1 + B2 + B3 
2 .  t o t a l  p a r t i c u l a t e  n i t r o g e n  
- 
N p a r t  Nl i v i n g  + N~ 
3. t o t a l  m i n e r a l  n i t r o g e n  
Nmin = NH4 + NO2 + NO3 
4 .  t o t a l  d i s s o l v e d  n i t r o g e n  
- 
N s o l  - Nmin + DON 
5. t o t a l  n i t r o g e n  o f  t h e  whole system 
N - N p a r t  + N s o l  
Model 2 c o n t a i n s  i n  a l l  76 c o n s t a n t s  and i n c l u d e s  11 i n i t i a l  
c o n c e n t r a t i o n  v a l u e s  f o r  t h e  f i v e  t y p e s  o f  microorganisms 
( b a c t e r i a  and p lank ton)  and f o r  s i x  chemical  compounds. Tab le  
10 i n c l u d e s  a l l  t h e  c o n s t a n t s  used i n  Model 2,  c l a s s i f i e d  i n  
accordance  w i t h  t h e i r  f u n c t i o n s .  Model 2  was c o n s t r u c t e d  i n  
such a  way t h a t  it was p o s s i b l e  t o  s t u d y  t h e  i n f l u e n c e  o f  t h e  
main environmenta l  f a c t o r s  on  w a t e r  q u a l i t y .  I f  nece s sa ry ,  t h i s  
model can be e a s i l y  s i m p l i f i e d  by removing c e r t a i n  pathways o f  
t r a n s f o r m a t i o n  w i t h o u t  d i s t u r b i n g  t h e  t o t a l  scheme o f  i n t e r a c t i o n s  
between t h e  compounds co n s ide r ed .  For t h i s  purpose  it i s  
n e c e s s a r y  t o  make t h e  r e s p e c t i v e  v a l u e s  o f  t h e  o p t i o n a l  pa ramete r s  
e q u a l  t o  ze ro .  V a r i a t i o n s  i n  me t abo l i c  e x c r e t i o n s  o f  micro- 
Table 10. Main functions For constants in Model 2. 
I I Stoichiometric 1 
Substrate Consumption 
Parameters for 
description of 
1 Kl -by First plankton group 
1 K2-by Second plankton group 
Preference 
coefficients 
I K3'G1 -by Nitroscmonas 
I K4'G2 -by Nitrobacter 
coefficients of 
physiological activity 
for organisms 
K5tG3fG18-by Heterotrophs 
Chemical-Ecological 
Proccsses 
constants fcr calcu- 
lations of oxygen 
consumption and oxy- 
. gen production 
K6 - ND-DON 
K7 - grazing PL1 
Optional 
constants 
I R* - metabolite decomposi- 
t ion 
K -sedimentation of ND 9 
Physical Processes 
G1 5-temperature 
coefficient 
G17-re-aeration 
For First plankton group 
dl-grazing of B1 
d -grazing of B 2 2 
d3-grazing of B3 
d4-grazing of PL2 
d -utilization of N . 5 D 
d -consumption of NU4 6 
d -consumption of NO2 7 
d -consilmption of NO3 8 
dg-consumption of DON 
For Second plankton group 
d,,-consumption of NH 
, L 4 
dll-consumption of NO2 
dl 2-,consumption of NO3 
d132consumption of DON 
For First plankton group 
excretion ofmetabolic 
'23 1 products 
G4,G5 -mortality 
For Second plankton group 
excretion of metabilic 
'6 products 
G6,G7 -mortality 
-photosynthetic 
q24'q25 producfion of 
oxygen and 
organic matter 
For Nitrosomonas 
excretion of metabolic 
97 products 
GBfG9 - mortality 
For Nitrobacter 
excretion of metabilic 
q8 a7fa8 1 products 
G1 ,GI, - mortality 
For Heterotrophs 
a 9'"10 excretion of metabolic 
'9 1 products 1 G1 2,G1 ,GI ,, - mortality 
q1 2,q1 4-plankton respiration 
'1 6 -oxidation of DON 
q18-oxidation of NH4 
q20-oxidation of NO 2 
q22-oxygen production 
organisms make Model 2  more f l e x i b l e  and t h u s  it may be used 
f o r  s o l v i n g  d i f f e r e n t ,  pu re ly  chemical ,  a s  w e l l  a s  b i o l o g i c a l ,  
problems of  wate r  q u a l i t y  a n a l y s i s .  
6. SIMULATION 
For s tudying  t h e  a p p l i c a t i o n  o f  Model 2, d i f f e r e n t  publ i shed  
sources  were used t o  s e l e c t  exper imental  d a t a  i n  n i t r o g e n  t r a n s -  
formation s t u d i e s .  However, we f a i l e d  t o  f i n d  any r e p o r t s  which 
have d a t a  on v a r i a t i o n s  i n  a l l  t h e  n i t r o g e n  compound concentra-  
t i o n s ,  i nc lud ing  s o l u b l e  and suspended subs t ances .  This  l a c k  
o f  a v a i l a b l e  exper imenta l  d a t a  l i m i t s ,  t o  a  g r e a t  e x t e n t ,  t h e  
p o s s i b i l i t i e s  f o r  c o r r e c t i n g  e s t i m a t e s  of  t h e  model cons t an t s .  
Therefore ,  a s  much exper imental  d a t a  a s  p o s s i b l e  has  been used,  
e s p e c i a l l y  t h a t  which was ob ta ined  i n  l a b o r a t o r y  exper iments  
wi th  d i f f e r e n t  t ypes  o f  water  samples and where t h e  dynamics o f  
a t  l e a s t  t h e  main chemical compounds had been s t u d i e d .  Compara- 
t i v e l y  wide-ranging exper imental  d a t a  were ob ta ined  i n  t e s t s  
conducted wi th  sewage (De Marco e t  a l ,  1967) ,  r i v e r  (Knowles e t  
a l ,  1965),  s e a  (Brand, Rakestraw, 1941) and l a k e  w a t e r s  
(Vot in t sev ,  1948) .  A l l  t h e s e  exper iments  were performed a t  
l a b o r a t o r y  tempera tures  o f  1 80-20°c and i n  darkness .  Thus, 
pho tosyn the t i c  p roduc t ion  of  o r g a n i c  m a t t e r  and oxygen by 
plankton i s  n o t  taken i n t o  account  i n  t h e s e  a p p l i c a t i o n s  of t h e  
model. A l l  t e s t s  were c a r r i e d  o u t  i n  b a t c h  systems and f o r  a l l  
f u r t h e r  c a s e s  cons idered  t h e  parameter Q e q u a l s  zero.  
6.1 Simulat ion of  Nitrogen Transformation , 
i n  Sewage and River Waters 
Experiments w i th  sewage (De Marco e t  a l ,  1967) and r i v e r  
water  (Knowles e t  a l ,  1965) were conducted wi th  a  h ighe r  i n i t i a l  
concen t r a t i on  o f  ammonium compared t o  c o n c e n t r a t i o n  d i s s o l v e d  
o rgan ic  n i t rogen .  This  means t h a t  exper iments  began when DON 
* 
t rans format ion  t o  ammonium had been a l r eady  completed o r  was 
c l o s e  t o  completion.  A f t e r  completion of  t h e  ammonification 
s t a g e ,  t h e  DON c o n t e n t  does n o t  change much and t h e s e  a l t e r a t i o n s  
* s t a g e  o f  ammonification 
s h o u l d  n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  development  o f  s u b s e q u e n t  
s t a g e s  o f  n i t r o g e n  t r a n s f o r m a t i o n ,  namely ammonium t o  n i t r i t e  
** 
and n i t r i t e  t o  n i t r a t e  . 
D e  Marco e t  a 1  (1967) have p r e s e n t e d  t h e  most d e t a i l e d  
e x p e r i m e n t a l  d a t a  on n i t r o g e n  t r a n s f o r m a t i o n s  i n  sewage. They 
measured e x p e r i m e n t a l l y  t h e  c o n t e n t  o f  DON, N H 4 ,  NO2 and NO3. 
F i g u r e  10 compares t h e  r e s u l t s  o f  t h e  model ( c u r v e s )  w i t h  t h e  
e x p e r i m e n t a l  d a t a  ( p o i n t s )  o f  D e  Marco e t  a 1  ( 1 9 6 7 ) .  The i n p u t  
p a r a m e t e r s  o f  Tab le  11 a l l o w  a  s u f f i c i e n t l y  a c c u r a t e  p i c t u r e  o f  
n i t r o g e n  t r a n s f o r m a t i o n  i n  sewage. DON c o n c e n t r a t i o n  changes  
s lowly  i n  t h e  sys tem and t h i s  i n d i c a t e s  an  i n s u f f i c i e n t  a c t i v i t y  
o f  h e t e r o t r o p h s  d u r i n g  t h e  whole p e r i o d  o f  t h e  exper iment ,  i n  
s p i t e  o f  t h e  h i g h  c o n t e n t  o f  DON i n  t h e  sys tem.  T r a d i t i o n a l  
methods o f  modeling,  u s i n g  Michaelis-Menten and Monod e x p r e s s i o n s  
a r e  n o t  s u f f i c i e n t  f o r  a  d e s c r i p t i o n  o f  feedback i n  DON consump- 
t i o n  by h e t e r o t r o p h s .  I n t r o d u c i n g  a  k i n e t i c  scheme w i t h  i n h i b i -  
t i o n  p r o d u c t s  o f  b a c t e r i a  (MB3) ,  and t h e i r  n e g a t i v e  feedback on  
b a c t e r i a l  development ,  s i g n i f i c a n t l y  i n c r e a s e s  t h e  s i m u l a t i o n  
p o s s i b i l i t i e s  o f  Model 2. 
For  d e s c r i b i n g  m e t a b o l i t e  i n f l u e n c e s  on  t h e  growth o f  
h e t e r o t r o p h s  c o m p a r a t i v e l y  low i n i t i a l  c o n c e n t r a t i o n s  
MB3 = 0.2 mgN/R w i t h  a  h i g h  r a t e  o f  m e t a b o l i t e  decompos i t ion ,  
- 1  K g  = 0.4 day , w e r e  used.  An i n h i b i t o r y  i n f l u e n c e  o f  t h e  
m e t a b o l i t e  on t h e  s p e c i f i c  r a t e  o f  h e t e r o t r o p h  m o r t a l i t y ,  
G 1 4  = 75, a s  w e l l  a s  on DON u t i l i z a t i o n ,  G18 = 700, was a l s o  
t a k e n  i n t o  a c c o u n t  (Tab le  1 1 ) .  I n  t h i s  c a s e  m e t a b o l i t e s  s h o u l d  
b e  c o n s i d e r e d  a s  fo rmal  p a r a m e t e r s  and a s  a n  i n d e x  o f  media and 
p o p u l a t i o n  s t a t e s .  
The s low d e c r e a s e  o f  DON i n  t i m e  g e n e r a l l y  i n d i c a t e s  
u n f a v o r a b l e  c o n d i t i o n s  i n  t h e  sys tem f o r  t h e  f u n c t i o n i n g  o f  t h e  
h e t e r o t r o p h s  s i n c e ,  a s  i s  known from t h e  M i c h a e l i s  c o n s t a n t ,  
less t h a n  0 .5  mgN/R o f  DON i s  r e q u i r e d  f o r  t h e i r  a c t i v e  growth 
(Harleman, 1 9 7 8 ) .  
-- 
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Table 11. Initial concentrations of nitrogenous compounds for 
sewage and values of rate constants used in modeling 
(for Figure 10) . 
Parameters for plankton not listed. 
- 
11.0 
12.0 
105.6 
0.025 
- 
0.4 
0.0 
- 
- 
1.5 
1.875 
2.1 
2.62 
0.0085 
0.0121 
.Para- 
meters 
K1-2 
K3 
K4 
K7 
Kg 
dl-13 
a 1-4 
as 
'6 
a 7 
a 8 
"9 
a 10 
Nitrogen 
compounds 
DON 
NH4 
tJ0 
N03 
N~ 
B1 
B2 
B3 
PL1 
PL2 
*B 3 
Values 
2.7 
10.8 
0 
0 
0.1 
0.065 
0.5 
0.04 
0 
0 
0.02 
Para- 
meters 
G1 
G2 
G3 
G4-7 
G8 
G9 
G~ 3 
G1 1 
G1 2 
G~ 3 
G1 4 
G~ 5 
G1 6 
G1 7 
G18 
Values 
- 
1.0 
1.0 
1.0 
- 
1.0 
1.0 
0.97 
- 
1.0 
13.35 
1.0 
3.42 
1.0 
1.14 
- 
0.5 
0.5 
5.0 I 
.- 
O w 1  
0.05 
O m 3  
0.1 
o*8 
o - 4  
75.0 
1-05 
1.25 
700.0 
Para- 
meters 
91-2 
q3 
q4 
q5 
q6 
q7 
q8 
q9 
q10-14 
q15 
q16 
q17 
2118 
q19 
q20 
'21 -26 

For  t h e  g i v e n  c o e f f i c i e n t  v a l u e s  it was p o s s i b l e  t o  o b t a i n  
a  r e l a t i v e l y  a c c u r a t e  p i c t u r e  o f  t h e  modeling o f  DON dynamics 
( F i g u r e  1 0 ) .  T h i s  f a c t  c a n  b e  r e g a r d e d  a s  i n d i r e c t  e v i d e n c e  f o r  
t h e  c o r r e c t n e s s  and s u f f i c i e n c y  o f , t h e  p r e r e q u i s i t e  c o n d i t i o n s  
f o r  d e s c r i b i n g  h e t e r o t r o p h i c  f u n c t i o n s  i n  c l o s e d  ( b a t c h )  sys tems.  
I n  modeling t h e  growth of  Nitrosomonas and N i t r o b a c t e r  t h e r e  
was no n e c e s s i t y  f o r  a c c o u n t i n g  f o r  t h e  i n h i b i t o r y  i n f l u e n c e  o f  
m e t a b o l i t e s  on t h e  development  o f  n i t r i f y i n g  b a c t e r i a .  
I n  sewage t h e  ammonium c o n c e n t r a t i o n  q u i c k l y  d e c r e a s e s  
from 10.8 mg/R ( a t  t h e  i n i t i a l  moment o f  t i m e )  t o  p r a c t i c a l l y  
z e r o  by t h e  s e v e n t h  day.  N i t r i t e  r e a c h e s  a n  i n t e r m e d i a t e  maximum 
( i 1  mg/R) on t h e  f i f t h  day.  I n  t h i s  c a s e  r a p i d  t r a n s f o r m a t i o n  
o f  a  n i t r o g e n  compound t o  t h e  f i n a l  p r o d u c t ,  i .e .  n i t r a t e ,  t a k e s  
7-8 days  i n  a l l .  However, by t h i s  t i m e  93.5% o f  t h e  i n i t i a l  
ammonium h a s  been c o n v e r t e d .  The remainder  i s  d e s p e r s e d  a s  
suspended m a t e r i a l s ,  i . e .  biomass o f  n i t r i f y i n g  b a c t e r i a  and 
p a r t i a l  d e t r i t u s .  Only by t h e  3 0 t h  day does  t h e  n i t r a t e  c o n t e n t  
become c l o s e  t o  t h e  i n i t i a l  amount o f  ammonium c o n c e n t r a t i o n .  
Thus, by t h i s  day  n i t r i f i c a t i o n  c a n  be  r e g a r d e d  a s  comple te .  
A s i m i l a r  p i c t u r e  o f  n i t r o g e n  t r a n s f o r m a t i o n s  i n  r i v e r  
w a t e r  was a l s o  obse rved  by Knowles e t  a 1  ( 1 9 6 5 ) .  I n  t h i s  c a s e  
t h e  i n i t i a l  ammonium c o n t e n t  w a s  17.5  mg/R. F i g u r e  11 compares 
t h e  e x p e r i m e n t a l  d a t a  o b t a i n e d  by Knowles e t  a 1  (1965) w i t h  t h e  
s i m u l a t i o n  r e s u l t s ,  r e p r e s e n t e d  by c u r v e s .  S i m u l a t i o n  r u n s  w e r e  
conducted  w i t h  t h e  i n p u t  d a t a  p r e s e n t e d  i n  T a b l e  12. A com- 
p a r a t i v e l y  low DON c o n c e n t r a t i o n  (0 .5  mg/R) was used,  s i n c e  
t h e r e  w e r e  no v a l u e s  f o r  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  o r g a n i c  
n i t r o g e n  (Knowles e t  a l ,  1 9 6 5 ) .  I n  t h e  s i m u l a t i o n  r e s u l t s ,  DON 
c o n t e n t  d e c r e a s e s  d u r i n g  t h e  f i r s t  seven  days  t o  0.076 mg/R. 
A f t e r  t h e  s e v e n t h  day it p r a c t i c a l l y  does  n o t  change i t s  l e v e l .  
However, ammonium c o n t e n t  a lways  d e c r e a s e s  t o  z e r o  d u r i n g  4.5 
days .  N i t r i t e  r e a c h e s  i t s  i n t e r m e d i a t e  maximum (-6 .5  mg/R) on  
t h e  4 t h  day. During t h e  f i r s t  seven  days  d e t r i t u s  c o n c e n t r a t i o n  
i n c r e a s e s  f r o m  a n  i n i t i a l  0.01 mg/R t o  0.22 mg/R and t h e n  s t a y s  
a t  t h a t  l e v e l .  
I n  a  r i v e r  w a t e r  t e s t ,  comple te  n i t r o g e n  t r a n s f o r m a t i o n  
t o  n i t r a t e  t a k e s  5.5 d a y s ,  which i s  less t h a n  i n  t h e  e x p e r i m e n t  
Table 12. Initial concentrations of nitrogen compounds for 
river water and values of rate constants used in 
modeling (for Figure 1 1 ) . 
Parameters for plankton not listed. 
Nitrogen 
compounds 
DON 
NH 4 
N02 
N03 
N~ 
1 
B2 
B3 
PL1 
PL2 
M ~ 3  
- 
25.0 
30.0 
105.6 
0.02 
- 
0.4 
0.0 
- 
- 
0.5 
0.67 
1 .o 
1.39 
0.0073 
0.0182 
Values 
0.5 
17.5 
0.25 
0.1 
0.01 
0.0015 
0.008 
0.04 
0 
0 
0.02 
Para- 
meters 
K1-2 
K3 
K4 
K6 
K7 
K8 
Kg 
dl-13 
a 1-4 
a5 
a6 
a7 
a 8 
a 9 
a1 0 
Para- 
meters 
G1 
G2 
G3 
G4-7 
G8 
G9 
G1 0 
1 
G1 2 
G1 3 
G~ 4 
G1 5 
G 1  6 
'1 7 
G18 
0.01 
0.01 
5.0 
- 
O o 2  
0-0 
0.15 
0-0 
O o 2  
0-4 
7500 
l o o 5  
l o o  
3.0 
300.0 
- 
Para- 
meters 
q1-2 
q3 
q4  
95 
q6 
97 
q8 
qg 
q10-14 
q15 
q16 
q17 
q18 
qlg 
q20 
q21-26 
Values 
- 
1 .o 
1.0 
1.0 
- 
1.0 
1 .O 
0.97 
- 
1 .O 
13.35 
1.0 
3.42 
1 .o 
1.14 
- 
I 
w i t h  sewage d i s c u s s e d  above. Dynamic t r a n s f o r m a t i o n  o f  n i t r o g e n ,  
b o t h  o r g a n i c  and m i n e r a l  compounds, i s  d e t e r m i n e d  by t h e  a c t i v i t y  
o f  h e t e r o t r o p h s ,  Nitrosomonas and N i t r o b a c t e r .  D i s t i n c t i o n s  
between b a c t e r i a  f u n c t i o n i n g  u n d e r ' d i f f e r e n t  e n v i r o n m e n t a l  con- 
d i t i o n s ,  i . e .  r i v e r  water and sewage, were b r o u g h t t o l i g h t  o n l y  
by c o n s i d e r i n g  t h e  r a t e  c o n s t a n t s  and i n i t i a l  component c o n c e n t r a -  
t i o n s  ( b o t h  b i o l o g i c a l  and chemica l )  c o n s i d e r e d  i n  t h e s e  two c a s e s  
( T a b l e s  1 1  and 12) . 
I n  modeling n i t r o g e n  t r a n s f o r m a t i o n s  i n  sewage and r i v e r  
w a t e r  t h e  same i n i t i a l  c o n c e n t r a t i o n  o f  h e t e r o t r o p h i c  b a c t e r i a  
0 (B3  = 0.04 mg/L) and m e t a b o l i t e s  ( M : ~  = 0.02 m g / ~ )  w e r e  used 
* ( T a b l e s  11 and 12) . Parameter  v a l u e s  f o r  growth r a t e  and 
** 
e l i m i n a t i o n  o f  h e t e r o t r o p h s  and m e t a b o l i t e  d e c o n t a m i n a t i o n  
- 1  ( K 8  = 0.4 day ) a l s o  remained unchanged. Values  o f  n a t u r a l  
decay ( G 1 2 )  f o r  h e t e r o t r o p h s  i n  r i v e r  and sewage w a t e r  s i g n i f i -  
c a n t l y  d i f f e r  from e a c h  o t h e r  and e q u a l  0.2 and 0 .8  day-' 
r e s p e c t i v e l y .  
For d e s c r i b i n g  d i f f e r e n t  r a t e s  o f  o r g a n i c  n i t r o g e n  con- 
sumption by h e t e r o t r o p h s  it was n e c e s s a r y  t o  u s e  v a r i o u s  v a l u e s  
o f  G14 t h a t  show t h e  m e t a b o l i t e  i n f l u e n c e  o n  s u b s t r a t e  consump- 
t i o n  by h e t e r o t r o p h s  (700 and 300 f o r  sewage and r i v e r  w a t e r  
r e s p e c t i v e l y ) .  F i n a l l y ,  v a l u e s  o f  t h e  a g  and a 1 0  c o e f f i c i e n t s  
were s e l e c t e d  t o  d e s c r i b e  h e t e r o t r o p h  a c t i v i t y .  When w e  change 
t h e  v a l u e s  o f  t h e s e  c o e f f i c i e n t s  w e  can  s h i f t  t h e  biomass 
organism peak w i t h o u t  i n f l u e n c i n g  t h e  r a t e  o f  s u b s t r a t e  u p t a k e  
and w i t h o u t  d i s t u r b i n g  t h e  s u b s t r a t e  t r a n s f o r m a t i o n s .  The r a t i o  
o f  a g / a 1 0  d e t e r m i n e s  t h e  r a t e  o f  ammonium l i b e r a t i o n  by h e t e r o -  
* * *  
t r o p h i c  b a c t e r i a  a t  a l l  s t a g e s  o f  p o p u l a t i o n  development  . 
With l i m i t e d  q u a n t i t i e s  o f  s u b s t r a t e  c o n t e n t  t h e  s p e c i f i c  r a t e  
o f  ammonium l i b e r a t i o n  depends on t h e  d i f f e r e n c e  (1  - a g / a l O )  
* Maximum growth r a t e  (Kg) and i t s  l i m i t i n g  c o e f f i c i e n t  ( G 3 )  
f o r  h e t e r o t r o p h s  . 
** 
G I  and G 1 4  show t h e  i n f l u e n c e  o f  a c t i v i t y  and m e t a b o l i t e s  t o  s p e c i f l c  r a t e  o f  h e t e r o t r o p h  m o r t a l i t y ,  r e s p e c t i v e l y .  
* * *  Ammonium l i b e r a t i o n  a s  a  r e s u l t  o f  v i t a l  f u n c t i o n s  i s  most  
i n t e n s i v e  when h e t e r o t r o p h s  grow a c t i v e l y .  

i n c l u d e d  i n  e q u a t i o n  ( 5 4 ) .  I t  shou ld  be no t ed  t h a t  t h e  s e l e c t e d  
c o e f f i c i e n t  v a l u e s  o f  a g  and a 1  (Tab les  11 and 12) f o r  e x p e r i -  
ments w i t h  sewage and r i v e r  wa t e r  r e f l e c t  d i f f e r e n c e s  i n  h e t e r o -  
t r o p l ~  a c t i v i t y .  The f r a c t i o n  o f  m e t a b o l i t e  l i b e r a t i o n  e q u a l s  
approx imate ly  30% i n  sewage and 60% i n  r i v e r  w a t e r  from t h e  
t o t a l  amount o f  consumed s u b s t r a t e .  Out o f  a l l  t h e  l i b e r a t e d  
m a t t e r  97% c o n s i s t s  o f  ammonium (qg  = 0 . 9 7 ) ,  and o n l y  3% 
(q10 = 0.03) i s  m e t a b i l i t e .  M e t a b o l i t e  accumula t ion  i n  t h e  
w a t e r  d e c r e a s e s  t h e  r a t e  o f  h e t e r o t r o p h s  growth.  
The cu r v es  on F i g u r e  12 show how t h e  b iomasses  o f  h e t e r o -  
t r o p h s ,  Nitrosomonas and N i t r o b a c t e r  change i n  r i v e r  w a t e r  and 
sewage f o r  12 and 30 d ay s ,  r e s p e c t i v e l y .  The growth dynamics 
f o r  a l l  b a c t e r i a  s i g n i f i c a n t l y  d i f f e r s  i n  e i t h e r  w a t e r  medium. 
The a v e r a g e  amount o f  b a c t e r i a l  biomass i s  h i g h e r  i n  sewage 
( F i g u r e  1 2 b ) .  The low c o n t e n t  o f  o r g a n i c  n i t r o g e n  i n  r i v e r  
w a t e r  p r o h i b i t s  t h e  a c t i v e  growth o f  h e t e r o t r o p h s .  S imu la t i on  
r e s u l t s  g i v e  v e r y  smooth c u r v e s  f o r  h e t e r o t r o p h i c  biomass growth 
i n  r i v e r  w a t e r  ( F i g u r e  1 2 a ) .  On t h e  c o n t r a r y ,  Model 2 g i v e s  
t y p i c a l  c u r v e s  f o r  b a c t e r i a l  growth i n  sewage and r e f l e c t s  a  
s p e c i f i c  s t a g e  o f  p o p u l a t i o n  development,  i n c l u d i n g  l o g  phase ,  
l o g a r i t h m i c  growth phase  and  dy ing  phase  ( S c h l e g e l ,  1972) .  The 
maximum h e t e r o t r o p h  c o n c e n t r a t i o n  o f  0.266 mg/L o c c u r r e d  on t h e  
s i x t h  day.  During t h e  6-10 day p e r i o d  t h e i r  biomass dec r ea sed  
t o  0.144 mg/k. A f t e r  approx imate ly  t h e  15 th  day dynamic equ i -  
l i b r i u m  i s  e s t a b l i s h e d  i n  t h e  w a t e r .  During t h i s  p e r i o d ,  t h e  
h e t e r o t r o p h  s t e a d y - s t a t e  c o n c e n t r a t i o n  e q u a l s  0.164 mg/R . T h i s  
c o n c e n t r a t i o n  co r r e sp o n d s  t o  new c o n d i t i o n s  i n  t h e  way t h a t  t h e  
h e t e r o t r o p h s  f u n c t i o n .  The biomass o f  h e t e r o t r o p h s  a t  t h i s  
l e v e l  i s  f o u r  t i m e s  h i g h e r  t h a n  t h e i r  i n i t i a l  c o n c e n t r a t i o n .  
F i g u r e  12 a l s o  shows c u r v e s  f o r  t h e  changing biomass o f  n i t r i -  
f y i n g  b a c t e r i a .  For  d e s c r i b i n g  t h e  Nitrosomonas and N i t r i b a c t e r  
development which would s a t i s f y  t h e  expe r imen t a l  p a t t e r n  o f  
changes i n  t h e  m i n e r a l  n i t r o g e n  compound c o n c e n t r a t i o n s  ( i n  
sewage and r i v e r  w a t e r ) ,  it was n e c e s s a r y  t o  select and change 
v a l u e s  f o r  t h e  growth c o e f f i c i e n t s  ( K 3  and K 4 ) ,  t h e  l i m i t i n g  
c o e f f i c i e n t  f o r  growth r a t e s  ( G I  and G 2 )  and t h e  pa r ame te r s  used 
f o r  b a c t e r i a l  decay r a t e s  ( G 8 - 1 1 ) .  
DAYS 
Figure 13. Comparison of  simulation results (curves) with experimental data 
(points) of Brand. Uakeslraw (1941) .  
Model 2.sea water,input parameters in table 13.  
N i t r i f y i n g  b a c t e r i a  p o s s e s s  ve ry  h i g h  o x i d a t i o n  a b i l i t i e s  
(Ruban, 1961) .  However, t h e s e  b a c t e r i a  a r e  c o n s i d e r e d  t o  b e  
slow-growing organisms ( P a i n t e r ,  1970; Keeney, 1 9 7 2 ) .  These 
p e c u l i a r i t i e s  i n  t h e  a c t i v i t i e s  o f  n i t r i f y i n g  b a c t e r i a  a r e  
reproduced by t h e  r a t i o s  between c o e f f i c i e n t s  a5/a6 ( f o r  N i t r o -  
somonas) and a7/a8  ( f o r  N i t r o b a c t e r )  i n  e q u a t i o n  ( 5 4 )  . These 
c o e f f i c i e n t  v a l u e s  must show c o m p a r a t i v e l y  low f r a c t i o n s  o f  
n i t r o g e n  i n c l u d e d  i n  t h e  b a c t e r i a  ce l l  m a t t e r  a s  compared t o  
t h e  t o t a l  n i t r o g e n  i n v o l v e d  i n  metabolism. 
A t  l o w  s u b s t r a t e  c o n c e n t r a t i o n s ,  20-30% o f  t h e  m a t t e r  t a k e n  
up i s  a s s i m i l a t e d  by n i t r i f y i n g  b a c t e r i a .  The f r a c t i o n  o f  t h e  
n i t r o g e n  t a k e n  up t h a t  i s  e x c r e t e d  by t h e  n i t r i f y i n g  b a c t e r i a  
i n c r e a s e s  t o  95-98% when n i t r o g e n o u s  m i n e r a l  compounds a r e  i n  
abundance.  Minera l  n i t r o g e n  compounds can b e  c o n s i d e r e d  a s  
ene rgy  s o u r c e s  f o r  n i t r i f y i n g  b a c t e r i a  i f  o n e  assumes t h a t  t h e i r  
o x i d a t i o n  a c t i v i t y  o f  e x t r a - c e l l u l a r  f e r m e n t s  i s  a s  g i v e n  u s i n g  
s u g g e s t i o n  o f  Ruban (1961) .  
The above c o e f f i c i e n t s  d e s c r i b e  s u f f i c i e n t l y  t h e  dynamics 
o f  o r g a n i c  and m i n e r a l  n i t r o g e n  t r a n s f o r m a t i o n s  a s  o b s e r v e d  i n  
tests w i t h  sewage and r i v e r  water. Thus, i n  t h i s  c a s e ,  by u s i n g  
chemical  c h a r a c t e r i s t i c s ,  t h e  adequacy o f  t h e  d e s c r i p t i o n  f o r  
e c o l o g i c a l  p r o c e s s e s  h a s  been s u f f i c i e n t l y  t e s t e d .  
6.2 S i m u l a t i o n  o f  Ni t rogen  Trans fo rmat ion  i n  Sea and Lake Water  
I n  tests w i t h  s e a  (Brand,  Rakestraw, 1941) and l a k e  
( V o t i n t s e v ,  1948) w a t e r ,  t h e  i n f l u e n c e  o f  p l a n k t o n  decompos i t ion  
i n  d a r k n e s s  on n i t r o g e n  t r a n s f o r m a t i o n  was s t u d i e d .  A u t o l y s i s  
o f  p l a n k t o n  s t i m u l a t e s  t h e  b a c t e r i a l  d e s t r u c t i o n  o f  n i t r o g e n o u s  
compounds, i n c l u d i n g  mainly  o r g a n i c  compounds (Golterman,  1 9 6 4 ) .  
Changes i n  t h e  c o n c e n t r a t i o n s  o f  ammonium, n i t r i t e ,  n i t r a t e  and 
t h e  n i t r o g e n  i n  p a r t i c u l a t e  m a t t e r  w e r e  s t u d i e d  i n  s e a  w a t e r  f o r  
a  70 day p e r i o d  (Brand,  Rakestraw, 194 1  ) . S i m u l a t i o n  r e s u l t s  
and e x p e r i m e n t a l  d a t a  (Brand,  Rakestraw, 1941) f o r  s e a  w a t e r  
exper iments  a r e  compared i n  F i g u r e  13. The i n p u t  d a t a  p r e s e n t e d  
i n  Tab le  13 w e r e  used  f o r  t h e  model. The i n i t i a l  ammonium con- 
c e n t r a t i o n  was ve ry  l o w .  I n  t h e  model t h e  dynamics o f  n i t r o g e n  
t r a n s f o r m a t i o n  was s i m u l a t e d  from t h e  ammonif ica t ion  s t a g e  
Table  13.  I n i t i a l  c o n c e n t r a t i o n s  of  n i t r o g e n o u s  compounds f o r  
s e a  w a t e r  and v a l u e s  of  r a t e  c o n s t a n t s  used  i n  
modeling ( f o r  F i g u r e  13)  . 
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onwards. The i n i t i a l  c o n c e n t r a t i o n  of d i s s o l v e d  o r g a n i c  
n i t r o g e n  was c o n s i d e r e d  t o  be  e q u a l  to  0.23 mg/,Q, (Tab le  1 3 ) .  
The n i t r o g e n  c o n t e n t  o f  t h e  t o t a l  i n i t i a l  biomass o f  decomposable 
a l g a e  was e q u a l  t o  0.14 mg/R (Brand, Rakestraw, 194 1 ) . 
According t o  t h e  n i t r o g e n  t r a n s f o r m a t i o n  scheme a d o p t e d  f o r  
t h i s  model, p l a n k t o n  decompos i t ion  s h o u l d  b e  accompanied by an  
i n c r e a s e  i n  d e t r i t u s  d u r i n g  t h e  f i r s t  few days  o f  t h e  e x p e r i -  
menta l  p e r i o d .  D e t r i t u s  i s  t r a n s f o r m e d  c o m p a r a t i v e l y  q u i c k l y  
to  DON. I t  i s  a l s o  known t h a t  t h e  p r o c e s s  o f  phy top lank ton  
d e a t h  i s  a  c o m p a r a t i v e l y  f a s t  one ,  and comple te  d e a t h  o f  phyto-  
p l a n k t o n  ce l l s  c a n  be  r e p o r t e d  a f t e r  f i v e  d a y s  o f  t h e  exper iment .  
However, d u r i n g  a u t o l y s i s  t h e  l i b e r a t i o n  o f  n i t r o g e n o u s  m a t t e r  
p roceeds  v e r y  s l o w l y  (Golterman,  1964) .  According t o  o u r  simu- 
l a t i o n  r e s u l t s ,  i n t e n s i v e  growth o f  h e t e r o t r o p h s  and r a p i d  
ammonium p r o d u c t i o n  i s  o b s e r v e d  d u r i n g  p h y t o p l a n k t o n  decompos i t ion .  
However, d u r i n g  3-5 days  o n l y  a b o u t  20-30% o f  t h e  t o t a l  amount o f  
ammonium formed a p p e a r s  t o  be e x c r e t e d  by p h y t o p l a n k t o n ,  w h i l e  
t h e  main p a r t  o f  ammonium t h a t  h a s  been formed i s  a  r e s u l t  o f  
t h e  a c t i v i t y  o f  h e t e r o t r o p h s ,  which t r a n s f o r m  DON t o  ammonium 
(Golterman,  1 9 6 4 ) .  The s h a p e  o f  t h e  c u r v e  f o r  DON c o n c e n t r a t i o n  
v a r i a t i o n s  i s  v e r y  s i m i l a r  t o  t h e  e x p e r i m e n t a l  c u r v e s  o f  o r g a n i c  
m a t t e r  t r a n s f o r m a t i o n s  which have a l r e a d y  been  p u b l i s h e d  i n  p a p e r s  
on  t h e  s u b j e c t .  S i m u l a t i o n  r e s u l t s  c o n f i r m  t h e  f a c t  t h a t  n o t  a l l  
t h e  o r g a n i c  n i t r o g e n  t r a n s f o r m s  t o  ammonium. The DON c o n t e n t  i n  
t h e  w a t e r  r e s u l t s  from s i m u l t a n e o u s  p r o c e s s e s  o f  n i t r o g e n  u t i l i -  
z a t i o n ,  decomposi t ion  o f  d e t r i t u s ,  and  e x c r e t i o n  o f  o rgan i sms  i n  
t h e  form o f  m e t a b o l i c  p r o d u c t s .  According t o  t h e  s i m u l a t i o n  
r e s u l t s  t h e  remain ing  DON c o n c e n t r a t i o n ,  which i s  due t o  t h e  
e q u i l i b r i u m  o f  t h e  above-mentioned p r o c e s s e s ,  i s  34.8% o f  i t s  
* 
i n i t i a l  c o n c e n t r a t i o n .  The t o t a l  r emain ing  c o n c e n t r a t i o n  ( c l o s e  
t o  s t e a d y - s t a t e ) ,  i s  a b o u t  40% o f  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  
t o t a l  n i t r o g e n .  These v a l u e s  a g r e e  w i t h  e x p e r i m e n t a l  e s t i m a t e s  
made i n  l a b o r a t o r y  s t u d i e s  o n  o r g a n i c  m a t t e r  decompos i t ion  i n  
s e a  w a t e r  ( S k o p i n t s e v  e t  a l ,  1965) .  The s i m u l a t i o n  r e s u l t s  g i v e n  
i n  F i g u r e  13  c o r r e s p o n d  v e r y  c l o s e l y  w i t h  t h e  q u a n t i t a t i v e  scheme 
* Sum o f  o r g a n i c  n i t r o g e n  i n  s o l u b l e  and p a r t i c u l a t e  forms.  
o f  n i t r o g e n  t r a n s f o r m a t i o n s  a s  obse rved  i n  e x p e r i m e n t s  and a s  
p u b l i s h e d  e l s e w h e r e .  
Decomposition o f  o r g a n i c  m a t e r i a l ,  s u c h  a s  e x c r e t a  and t h e  
remains  o f  p l a n k t o n  and a l g a e ,  c o n s t i t u t e s  t h e  b a s i s  o f  n u t r i e n t  
c y c l i n g  i n  n a t u r a l  w a t e r s .  T h i s  p r o c e s s  i s  one o f  t h e  main pro-  
cesses i n  forming t h e  p r o d u c t i v i t y  o f  m i n e r a l  c y c l e s  (Klee rekoper ,  
1953) .  
To judge t h e  d e g r e e  o f  p l a n k t o n  decompos i t ion ,  d a t a  on  
r e s i d u a l  c o n c e n t r a t i o n s  o f  p a r t i c u l a t e  o r g a n i c  m a t t e r ,  on  t h e  
accumula t ion  o f  m i n e r a l  p r o d u c t s  o r  on oxygen consumption a r e  
used .  I n  a  n a t u r a l  env i ronment ,  t h e  complete m i n e r a l i z a t i o n  o f  
o r g a n i c  m a t t e r  seldom t a k e s  p l a c e  ( S k o p i n t s e v ,  1 9 7 6 ) .  Q u a n t i t a -  
t i v e  and q u a l i t a t i v e  a s p e c t s  o f  p l a n k t o n  decompos i t ion  have been 
s t u d i e d  by many a u t h o r s  and s i g n i f i c a n t  e x p e r i m e n t a l  d a t a  a r e  
now a v a i l a b l e  i n  many p u b l i s h e d  p a p e r s .  P l a n k t o n  decompos i t ion  
h a s  been s t u d i e d  under b o t h  a e r o b i c  and a n a e r o b i c  c o n d i t i o n s .  
T a b l e s  14 and 15 g i v e  some q u a n t i t a t i v e  d a t a  t h a t  have been 
e s t i m a t e d  e x p e r i m e n t a l l y .  A s  a  r u l e ,  a l l  t h e s e  tests were con- 
d u c t e d  i n  o r d e r  t o  s t u d y  n i t r o g e n  t r a n s f o r m a t i o n s  and o r g a n i c  
m a t t e r  m i n e r a l i z a t i o n .  More d e t a i l e d  i n f o r m a t i o n  can  be found 
i n  S k o p i n t s e v ' s  r e p o r t  ( S k o p i n t s e v ,  1976) .  
The d e g r e e  o f  p l a n k t o n  m i n e r a l i z a t i o n  i n  v a r i o u s  w a t e r  media 
can  change from 20  t o  94% ( T a b l e  1 4 ) ,  though under  a e r o b i c  con- 
d i t i o n s  t h i s  d e g r e e  i s  h i g h e r  (Skop in t sev ,  1976) .  The r e s i d u a l  
n i t r o g e n  c o n c e n t r a t i o n  i n  p a r t i c u l a t e  m a t t e r  changes  from 5 t o  
87% (Tab le  1 4 ) .  During p l a n k t o n  decompos i t ion ,  a  c e r t a i n  p o r t i o n  
o f  t h e  o r g a n i c  and m i n e r a l  n i t r o g e n  is  r e l e a s e d  i n t o  t h e  w a t e r  
( T a b l e  1 5 ) .  From t h e  t e c h n i c a l  p o i n t  o f  view e x p e r i m e n t a l  s t u d i e s  
on p lank ton  m i n e r a l i z a t i o n  a r e  v e r y  d i f f i c u l t  ( K l e e r e k o p e r ,  1953) .  
Q u a n t i t a t i v e  e s t i m a t i o n  o f  t h e  o r g a n i c  and m i n e r a l  n i t r o g e n  
l i b e r a t e d  i n t o  t h e  w a t e r  by p l a n k t o n  m i n e r a l i z a t i o n  may n o t  be 
v e r y  a c c u r a t e  because  o f  t h e  complex i ty  o f  t h e  b i o c h e m i c a l  pro-  
cesses o f  t r a n s f o r m a t i o n  t a k i n g  p l a c e  s i m u l t a n e o u s l y .  
With Model 2 it i s  p o s s i b l e  t o  e s t i m a t e  t h e  i n f l u e n c e  o f  
p l a n k t o n  m i n e r a l i z a t i o n  on n i t r o g e n  t r a n s f o r m a t i o n s .  These 
e s t i m a t e s  can  be performed by u s i n g  t h e  e x p e r i m e n t a l  d a t a  o f  
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Brand,  Rakes t r aw  ( 1 9 4 1 ) ,  who measured t h e  n i t r o g e n  c o n t e n t  i n  
p a r t i c u l a t e  m a t t e r .  I n  mode l ing  n i t r o g e n  t r a n s f o r m a t i o n s  i n  
s e a  w a t e r  t h e  c o n t e n t  o f  p a r t i c u l a t e  n i t r o g e n  was i n c l u d e d  i n  
t h e  b iomass  o f  a l l  t h e  o r g a n i s m s  ( h e t e r o t r o p h s ,  N i t ro somonas ,  
N i t r o b a c t e r  and  p h y t o p l a n k t o n )  and  i n  t h e  d e t r i t u s .  The model 
r e p r o d u c e s  t h e  e x p e r i m e n t a l l y  o b s e r v e d  p a t t e r n  o f  n i t r o g e n  
t r a n s f o r m a t i o n s  i n  sea w a t e r  (as  shown i n  F i g u r e  13 )  w i t h  t h e  
u s e  o f  t h e  i n p u t  d a t a  p r e s e n t e d  i n  T a b l e  13.  T h e s e  p a r a m e t e r s  are 
a l s o  used  i n  o t h e r  s i m u l a t i o n  r u n s  i n  wh ich  t h e  i n i t i a l  p l a n k t o n  
c o n c e n t r a t i o n  i s  t a k e n  as e q u a l  t o  z e r o .  Changes i n  t h e  r e l a t i v e  
n i t r o g e n o u s  compound c o n c e n t r a t i o n s  a s  p e r c e n t a g e s  o f  t h e  i n i t i a l  
sum o f  n i t r o g e n  c o n c e n t r a t i o n  i n  t h e  sea w a t e r  are compared i n  
T a b l e  16.  R e s u l t s  show t h a t  t h e  r e l a t i v e  n i t r o g e n  c o n t e n t  i n  
d e t r i t u s ,  o r g a n i s m  b i o m a s s e s  and  DON are g e n e r a l l y  h i g h e r  i n  
t h e  p h y t o p l a n k t o n  sys t em.  N i t r o g e n  c o n t e n t  i n  t h e  d e t r i t u s  a n d  
b iomass  a r e  h i g h e r  a t  8 .4% and  7 .8% r e s p e c t i v e l y .  The DON 
c o n c e n t r a t i o n s ,  close t o  t h o s e  o f  t h e  s t e a d y - s t a t e ,  are e s t a b l i s h e d  
i n  b o t h  s y s t e m s  a f t e r  t h e  e x p i r a t i o n  o f  a b o u t  10 d a y s .  T h e i r  
c o n c e n t r a t i o n s  are a l w a y s  6 .2% h i g h e r  when p h y t o p l a n k t o n  a r e  
p r e s e n t .  A t  t h e  same t i m e  t h e  r e l a t i v e  c o n c e n t r a t i o n  o f  m i n e r a l  
n i t r o g e n  i s  a p p r o x i m a t e l y  18.8% h i g h e r  w i t h o u t  p h y t o p l a n k t o n .  
The r a t i o  o f  s o l u b l e  n i t r o g e n  c o n t e n t  to  p a r t i c u l a t e  n i t r o g e n  
r ema ins  o n  t h e  whole  l o w e r  i n  t h e  s y s t e m  w i t h  p h y t o p l a n k t o n  t h a n  
w i t h o u t  ( T a b l e  1 6 ) .  However, a c t u a l  c o n c e n t r a t i o n s  o f  a l l  
n i t r o g e n  forms are h i g h e r  when p h y t o p l a n k t o n  are p r e s e n t  
( F i g u r e  1 4 ) .  T a b l e  17  shows t h e  p o s s i b i l i t y  o f  e s t i m a t i n g  t h e  
i n f l u e n c e  o f  p l a n k t o n  d e c o m p o s i t i o n  on compound c o m p o s i t i o n .  
P l a n k t o n  d e c o m p o s i t i o n  o c c u r s  w i t h i n  10 d a y s .  The n i t r o g e n  
c o n c e n t r a t i o n  bound t o  t h e  b iomass  c h a n g e s  l i t t l e ,  namely f rom 
1 3  t o  20% d u r i n g  a 10-70 day  p e r i o d .  R e s i d u a l  p l a n k t o n  con- 
c e n t r a t i o n  d u r i n g  t h a t  p e r i o d  changes  be tween  10-19%. A s  t h e  
s i m u l a t i o n  r e s u l t s  show t o t a l  m i n e r a l i z a t i o n  o f  p l a n k t o n  con- 
s t i t u t e s  81-90%. Dur ing  p l a n k t o n  d e c o m p o s i t i o n  f o r  t h e  p e r i o d  
of  10-70 d a y s ,  26-333 o f  o r g a n i c  n i t r o g e n  a n d  16-423 o f  m i n e r a l  
n i t r o g e n  are l i b e r a t e d  i n t o  t h e  water. Dur ing  t h i s  p e r i o d  a 
s i g n i f i c a n t  f r a c t i o n  o f  n i t r o g e n  (16-26%) i s  p r e s e n t  i n  t h e  
d e t r i t u s .  
Table  1 5 .  Formation o f  o r g a n i c  and m i n e r a l  n i t r o g e n  forms d u r i n g  
decomposi.t ion o f  p l a n k t o n  and a l g a e  ( L i t e r a t u r e  r ev iew)  . 
Thus, q u a n t i t a t i v e  e s t i m a t e s  o f  t h e  i n f l u e n c e s  o f  p l a n k t o n  
decompos i t ion ,  o b t a i n e d  from t h e  s i m u l a t i o n  r u n s ,  c o r r e s p o n d  
w i t h  t h e  a v a i l a b l e  e x p e r i m e n t a l  d a t a .  The a p p l i c a t i o n  o f  t h e  
model a l l o w s  a  q u a n t i t a t i v e  e x p l a n a t i o n  o f  k i n e t i c  e x p e r i -  
men ta l  d a t a  and g i v e s  a  new i n t e r p r e t a t i o n  f o r  t h e  t r a n s f o r m a -  
t i o n  p r o c e s s .  With a  p u r e l y  e m p i r i c a l  approach  it i s  v e r y  
d i f f i c u l t  t o  e s t a b l i s h  t h o s e  i n d e x e s  which r e f l e c t  t h e  a c t u a l  
i n t e n s i t y  of  t h e  t r a n s f o r m a t i o n s .  
I n  l a k e  w a t e r ,  t h e  dynamics o f  ammonium, n i t r i t e  and n i t r a t e  
were e x p e r i m e n t a l l y  s t u d i e d  d u r i n g  a  50 day p e r i o d  ( V o t i n t s e v ,  
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T a b l e  1 6 .  Change o f  r e l a t i v e  c o n c e n t r a t i o n s  f o r  n i t r o g e n  compounds i n  p e r c e n t a g e  of  
i n i t i a l  sum o f  n i t r o g e n  (NsUm) i n  t h e  sys tem ( m o d e l i n g ) .  
o o -7 -8; I n i t i a l  c o n c e n t r a t i o n s :  DONO = 0 .23 ;  ND = 0.01; N H ~  = 0.01;  NO2 = 103 - 0; B1 = 5.10 ; B2 = 3.10 
B; = ( a l l  m g ~ / ~ )  b 
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Table  1 7 .  I n f l u e n c e  o f  p l a n k t o n  decomposi t ion  i n  d a r k n e s s  on 
compound compos i t ion  o f  t h e  media ( r e s u l t s  from 
modeling. 
1948). I n  e x p e r i m e n t s  w i t h  s e a  w a t e r  (Brand,  Rakes t raw,  1941), 
a l r e a d y  d i s c u s s e d  i n  t h i s  r e p o r t ,  t h e  change o f  n i t r o g e n  con- 
c e n t r a t i o n  i n  p a r t i c u l a t e  matter h a s  been t a k e n  i n t o  a c c o u n t .  
T h i s  i n f o r m a t i o n  a l lowed u s  t o  judge t h e  upper  bound o f  t h e  sum 
o f  p a r t i c u l a t e  n i t r o g e n  forms d u r i n g  t h e  whole e x p e r i m e n t a l  
p e r i o d .  S i n c e  t h e r e  is  no i n f o r m a t i o n  on n i t r o g e n  c o n c e n t r a t i o n s  
i n  p a r t i c u l a t e  m a t t e r  i n  tes ts  w i t h  l a k e  w a t e r ,  it was dec ided  
t o  examine some o f  t h e  consequences  o f  p l a n k t o n  decompos i t ion  
i n  d a r k n e s s ,  a s  w e l l  a s  t h e  i n f l u e n c e  o f  t h i s  p r o c e s s  on  n i t r o g e n  
t r a n s f o r m a t i o n s .  
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Plank ton  decompos i t ion  d e v e l o p s  more a c t i v e l y  t h a n  t h e  
t r a n s f o r m a t i o n  o f  t h e s e  chemica l  forms o f  n i t r o g e n  c o n s i d e r e d  
i n  t h i s  model. T h i s  c o n c l u s i o n  was made on t h e  b a s i s  o f  
a n a l y z i n g  numerous l i t e r a t u r e  s o u r c e s  i n c l u d i n g  t h o s e  w i t h  d a t a  
on p l a n k t o n  decompos i t ion  and i n f l u e n c e  o f  t h i s  decompos i t ion  
on t h e  compos i t ion  o f  t h e  compound i n  t h e  w a t e r  (Gol terman,  1964; 
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Figure 14. Dynamics of nitrogenous compound in water with decomposed 
plankton (curves 1) and without it (curves 2), Model 2. 
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S k o p i n t s e v  e t  a l ,  1965) .  The a n a l y s i s  o f  t h e  a v a i l a b l e  d a t a  
shows t h a t  p l a n k t o n  decomposi t ion  i s  accompanied by a n  i n c r e a s e  
o f  d e t r i t u s  and DON c o n c e n t r a t i o n s  d u r i n g  t h e  f i r s t  few days  o f  
i n c u b a t i o n .  Because t h e r e  a r e  no q u a n t i t a t i v e  d a t a  on t h e s e  
n i t r o g e n o u s  forms ( V o t i n t s e v ,  1948) v a r i o u s  i n i t i a l  c o n c e n t r a -  
t i o n s  f o r  d e t r i t u s  and DON w e r e  used t o  examine t h e  i n f l u e n c e  
on subsequen t  t r a n s f o r m a t i o n s  o f  t h e  n i t r o g e n  compounds. 
I n  t h e  f i r s t  s i m u l a t i o n  r u n  ( v e r s i o n  1)  t h e  DON c o n t e n t  
was assumed t o  b e  h i g h  w h i l e  i n  t h e  second r u n  ( v e r s i o n  2 )  DON 
and d e t r i t u s  c o n c e n t r a t i o n s  were assumed t o  b e  a p p r o x i m a t e l y  
e q u a l .  The r e s u l t s  o f  t h e  model, which s i m u l a t e  t h e  dynamics 
o f  n i t r o g e n  t r a n s f o r m a t i o n s  i n  l a k e  w a t e r  w i t h  d i f f e r e n t  i n i t i a l  
c o n c e n t r a t i o n s  o f  DON and d e t r i t u s ,  a r e  compared w i t h  t h e  e x p e r i -  
men ta l  d a t a  o f  V o t i n t s e v  (1948) i n  F i g u r e s  15 and 16. The i n p u t  
d a t a  used f o r  t h e s e  r u n s  a r e  p r e s e n t e d  i n  T a b l e  18. I t  a p p e a r s  
from t h e  i n f o r m a t i o n  i n  F i g u r e s  15 and 16 t h a t  b o t h  r u n s  a r e  i n  
agreement  w i t h  t h e  e x p e r i m e n t a l l y  obse rved  p i c t u r e  o f  n i t r o g e n  
compound t r a n s f o r m a t i o n s .  Values  o f  maximum growth r a t e ,  t h e  
e l i m i n a t i o n  and l i b e r a t i o n  a c t i v i t y  f o r  h e t e r o t r o p h s  w e r e  v a r i e d  
i n  t h e  model (Tab le  1 8 ) .  
Thus, Model 2 can b e  used n o t  o n l y  f o r  a  q u a n t i t a t i v e  
e s t i m a t i o n  o f  w a t e r  q u a l i t y ,  b u t  a l s o  f o r  t e s t i n g  e x i s t i n g  
t h e o r e t i c a l  hypo theses  aimed a t  e x p l a i n i n g  t h e  t r a n s f o r m a t i o n  
o f  s u b s t a n c e s  i n  t h e  v a r i o u s  w a t e r  media. 
7 .  GENERAL DISCUSSION OF SIMULATION RESULTS 
I t  i s  i n t e r e s t i n g  t o  a n a l y z e  t h o s e  v a l u e s  f o r  p a r a m e t e r s  
t h a t  w e r e  changed f o r  t h e  d i f f e r e n t  s i m u l a t i o n s .  T a b l e  19 shows 
t h a t  i n  v a r i o u s  tests  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  n i t r o g e n  
compounds w e r e  d i f f e r e n t .  I t  s h o u l d  be  n o t e d  t h a t  v a l u e s  o f  
b iomasses  and  c o n s t a n t s  which d e s c r i b e  t h e  b a c t e r i a l  dynamics 
w e r e  chosen t o  m e e t  t h e  c o n d i t i o n  o f  comparing s i m u l a t i o n  
r e s u l t s  w i t h  t h e  e x p e r i m e n t a l  d a t a .  A l l  c o n s t a n t s  i n  T a b l e  19 
reproduce  t h e  b a c t e r i a l  f u n c t i o n  which c o r r e s p o n d s  t o  t h e  e x p e r i -  
mental  d a t a  on n i t r o g e n  compound t r a n s f o r m a t i o n s .  Some v a l u e s  
f o r  t h e  c o n s t a n t s  d i f f e r  q u i t e  s i g n i f i c a n t l y  i n  t h e  v a r i o u s  
w a t e r  media (Tab le  19)  . 
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Table 18. Initial concentrations of nitrogen compounds for 
lake water and constants used in modeling (for 
Figures 15 and 16). 
Nitrogen 
compounds 
1 DON 
Parameters for plankton not listed. 
Values 
1 
0.8 
1 0 . 4  
7 5 
1.05 
1.0 
I 1.25 
1700 I 
i 
I - 
1.0 
1 .o I 1.0 
- 1 1 .0  I 1.0 
I 
1 0.97 1 0.03 
I - 
1 .0  
13.35 
I 1.0 
3.42 I 
1 1.14 
I 
I - 
-4 
0.6 
0.5 
7 5 
1.05 
, 
I 
1 .0  I 
1.251 
0 
- .  
1 .o  
1.0 , 
1.0 i 
I 
! 
- .  
! 
1 .0  i 
i 
1.0 j 
0.97 1 I 
0.03, 
I 
- I 
1 . o i  
I 
13.35j 
1.0 / 
3.421 
1.0 
1.14 
- 
T a b l e  1 9 .  Summary t a b l e  o f  p a r a m e t e r s  which  w e r e  v a r i e d  i n  
model ing  n i t r o g e n  t r a n s f o r m a t i o n s  i n  d i f f e r e n t  waters. 
( c o n t d .  ) 
C 
Parameters 
DON 
NH4 
- N02 
. N03 
N~ 
B1 - 
I3 2 
13.3 
PL 2 
%3 
I 
r 2  
K4 
K8 
d l o  
dll 
2 
1 
2 
G3 
G6 
'8 . 
G9 
G1O 
G1l ' 
G12 
G13 
G14 
G18 . 
Sewage 
2.7 
10.8 
0 '  
0 
0.1 
0.065 
0.5 
0'.04 
0 
0.02 
- 
11 
1 2  
.105.6 
0.025 
0.4 
- 
C 
w 
0.5 
0.5 
5.0 
- 
0.1 
0,05 
0.3 
0.1 
0.8 
0.4 
.75 
700 
River 
water 
0.5 
1 Z .  5 
0.25 
0.1 
0.01 
1.5.10-~ 
8.10-3 
0.04 
. O  
0.02 
- 
2 5 
30 
105.6. 
0.02 
0.4 
- 
- 
- 
0 .O1 
0.01 
5.0 
- 
0.2 
0 
0.15 
0 
0.2 
0.4 
7 5 
300 
Sea 
water 
0.23 
0.01 
0 . 
. 0' 
0.01 
5. 
3;10-8 
1.. 
0.14 
0 
70 
330 
300 , 
74 
0.015 
0.05 
7.10r4 
3.10-4 
5. 
15 
1 2  
0.5 
0.3 
0 . i  
0.12 
0.05 
0.1 
-0.5 
O 
85 
100 
b 
' . Lake water 
version 1 
1.5 
0.001 
0.002 
,O  .05 
0.01 ' 
7 . 
8.10-3 
8. 
0' 
0 
- 
7.5 
4 
14 .4  
0.015 
version 2 
0.5 
0.001 
0.002 
0.03 
0.45 
7.  loL4 
8.5.10-3 
8. 
0 
0 
- 
22 
8 
20 
0.015 
0.4 1 0.4 I 
- .  
- 
- ' 
1.5 
2 
0.14 
- 
0.12 
- 
- 
- 
1.5 
2.5 
0.14 
- 
0.22 
O I 0 
0.08 
0 
0.15 
0 
0 .'8 i 0.6 
. 0.4 
7 5 
7 00 
0.5 
75 
0 
4 
T a b l e  19 ( c o n t ' d )  
I f  e x p e r i m e n t a l  d a t a  o n  t h e  c h a n g e s  i n  c o n c e n t r a t i o n  o f  
o n l y  t h e  c h e m i c a l  components  a r e  a v a i l a b l e ,  t h e  t r a n s f o r m a t i o n  
a c t i v i t y  o f  t h e  o r g a n i s m s  c a n  be r e l i a b l y  r e p r o d u c e d  and  re- 
c o n s t r u c t e d .  F o r  t h e  m a t h e m a t i c a l  mode l ing  o f  w a t e r  q u a l i t y  i n  
e c o l o g i c a l  s y s t e m s  it i s  i m p o r t a n t  t o  have  q u a n t i t a t i v e  i n fo rma-  
t i o n  on  t h e  c h a n g e s  i n  t r a n s f o r m a t i o n  a c t i v i t y  o f  t h e s e  b i o -  
l o g i c a l  p o p u l a t i o n s .  From a  p r a c t i c a l  p o i n t  o f  v i ew  t h e s e  
c h a r a c t e r i s t i c s  a r e  more i m p o r t a n t  f o r  w a t e r  q u a l i t y  a n a l y s i s  
t h a n  t h e  b iomass  v a l u e s  o f  t h e  o r g a n i s m s  which t a k e  p a r t  i n  t h e  
t r a n s f o r m a t i o n  o f  c h e m i c a l  compounds o f  d i f f e r e n t  o r i g i n .  
D e t a i l e d  d a t a  on  c h e m i c a l  compound t r a n s f o r m a t i o n s  a l s o  a l l o w  
e x a m i n a t i o n  o f  t h e  s u f f i c i e n c y  o f  t h o s e  p r e r e q u i s i t e s  t h a t  a r e  
u s e d  f o r  c o n s t r u c t i n g  t h e  model f o r  o r g a n i s m  a c t i v i t i e s .  
A d d i t i o n a l  i n f o r m a t i o n  on m i c r o o r g a n i s m  c o n c e n t r a t i o n  c h a n g e s  
w i l l  a s s i s t  i n  c o r r e c t i n g  t h e  v a l u e s  f o r  t h e  c o n s t a n t s  f o r  g r o w t h  
o f  t h e  p o p u l a t i o n s .  
Parameters 
a 3 
a4 
a 5 
a6 . 
a 7 
a 8 
a 9 
a 10 
I n  t h e  p r e s e n t  e x p e r i m e n t a l  s t u d i e s  s u c h  d a t a  a r e  n o t  
a v a i l a b l e  and  t h e r e f o r e  t h e r e  c a n  be no g u a r a n t e e  o f  t h e  
r e l i a b i l i t y  o f  t h e  s e l e c t e d  v a l u e s  f o r  t h e  i n i t i a l  m i c r o o r g a n i s m  
Sewage 
- 
- 
1.5 
1.875 
2 . 1  
2.62 
0.0085 
0.0121 
River 
water 
- 
- 
0.5 
0.67 
1 .O 
1.39 
0.0073 
0.0182 
Sea 
water 
0.2 
0 .202  
1.7 
1 ,828 
1.7 
1,828 
0 .06 
0.15 
Lake water 
version 1 
- 
.- 
2.25 
2.32 
3 
3.093 
0.0073 
0.0182 
version 2 
- 
- 
2.25 
2.32 
3 
3.093 
0 .28 
0 . 3 1  
c o n c e n t r a t i o n s  and r a t e  c o n s t a n t s .  However, i f  s i m u l a t i o n  
r e s u l t s  cor respond  t o  an  e x p e r i m e n t a l l y  observed p i c t u r e  o f  t h e  
chemical  compound dynamics when d a t a  on biomass changes  a r e  
a b s e n t ,  t hen  t h e  model can be r ega rded  a s  reproduc ing  t h e  
a c t i v i t y  o f  t h e  p o p u l a t i o n s  and t h e i r  i n f l u e n c e  on t h e  o t h e r  
components. 
I t  i s  i n t e r e s t i n g  t o  compare t h e  v a l u e s  o f  t h e  r a t e  con- 
s t a n t s  d e s c r i b i n g  t h e  b a c t e r i a l  growth,  a s  used i n  t h i s  r e p o r t ,  
w i t h  l i t e r a t u r e  v a l u e s .  A s  mentioned above,  t h e  Michae l i s -  
Menten and Monod k i n e t i c  e x p r e s s i o n  i s  u s u a l l y  used f o r  d e s c r i b -  
i n g  b a c t e r i a l  growth o r  t h e  uptake  o f  chemical  compounds by 
growing microorganisms i n  w a t e r  q u a l i t y  and e c o l o g i c a l  models. 
T h i s  e x p r e s s i o n  i s  
- 1  
where v  i s  t h e  r a t e  o f  t h e  p r o c e s s  cons ide r ed  (day 1;  p i s  t h e  
maximum growth ( o r  up take)  r a t e  (day- ' )  ; KM i s  t h e  M i c h a e l i s  
c o n s t a n t  (mgN/!& ) ; and N i s  t h e  s u b s t r a t e  c o n c e n t r a t i o n  (mg~/!L ) . 
The p r e s e n t  model was c o n s t r u c t e d  on t h e  p r i n c i p l e s  o f  b io-  
geocoenos i s  modeling ( P o l e t a e v ,  1968) and from models o f  t h e  
b a c t e r i a l  t r a n s f o r m a t i o n  o f  chemical  compounds a l o n g  t h e  cha in :  
s u b s t r a t e  + b a c t e r i a l  biomass + e x c r e t e d  me tabo l i c  p r o d u c t s  
( A j z a t u l l i n ,  Leonov, 1975a, b; Leonov, A j z a t u l l i n ,  1975a, b ) .  
According t o  t h e  scheme used i n  t h i s  s t u d y  t h e  biomass changes 
a t  each moment o f  t i m e  a r e  d e f i n e d  by t h e  d i f f e r e n c e  between 
t h e  s p e c i f i c  r a t e s  o f  s u b s t r a t e  up take ,  t h e  e x c r e t i o n  o f  
m e t a b o l i c  p r o d u c t s  and m o r t a l i t y .  T he re fo r e ,  f o r  comparison o f  
t h e  r a t e  c o n s t a n t s  used i n  t h i s  r e p o r t  w i t h  t h e  c o n s t a n t s  o f  
t h e  Michaelis-Menten e x p r e s s i o n  t r a d i t i o n a l l y  used f o r  modeling 
b a c t e r i a l  growth w e  must co up l e  t h e  e q u a t i o n s  which d e s c r i b e  
t h e  up take  and e x c r e t i o n  o f  compounds by b a c t e r i a .  A f t e r  
r e a r r a n g i n g  t h e  cor responding  e q u a t i o n s  o f  Model 2 ,  w e  can  
c o n s i d e r ,  f o r  n i t r i f y i n g  b a c t e r i a ,  t h e  f o l l owing  e x p r e s s i o n s  
f o r  p and KM: 
w h e r e  i = 3 ;  j = 5  a n d  k = l  f o r  N i t r o s o m o n a s ;  i = 4 ;  j = 7  a n d  k=2 f o r  
N i t r o b a c t e r .  F o r  h e t e r o t r o p h i c  b a c t e r i a ,  t h e  v a l u e s  o f  !J a n d  
K M  a t  e a c h  moment of t i m e  w i l l  b e  t h e  c o r r e c t e d  v a l u e s  o f  MB3;  
t h e  e q u a t i o n s  f o r  r e c a l c u l a t i o n  of t h e s e  c o n s t a n t s  a s  u s e d  i n  
t h i s  s t u d y  may b e  w r i t t e n  as 
L i t e r a t u r e  v a l u e s  ( S h a r m a ,  A h l e r t ,  1 9 7 7 ;  H a r l e m a n ,  1 9 7 8 )  
a n d  r a t e  c o n s t a n t s  r e c a l c u l a t e d  f r o m  e q u a t i o n s  ( 8 3 )  - ( 8 6 )  as 
u s e d  i n  t h i s  r e p o r t  are  p r e s e n t e d  i n  T a b l e  20 .  A l l  v a l u e s  o f  
t h e  k i n e t i c  c o n s t a n t s  u s e d  i n  t h i s  s t u d y  c o r r e s p o n d  t o  t h e  r a n g e  
o f  v a l u e s  r e p o r t e d  e l s e w h e r e  ( S h a r m a ,  A h l e r t ,  1 9 7 7 ;  H a r l e m a n ,  
1978 ;  B e c k ,  1 9 7 8 ) .  
The p r o c e s s  o f  s u b s t r a t e  c o n s u m p t i o n  b y  g r o w i n g  o r g a n i s m s  
a n d  t h e  g r o w t h  o f  t h e  o r g a n i s m s  c a n n o t  b e  r e g a r d e d  as  e q u i v a l e n t  
p r o c e s s e s ,  b e c a u s e  n o t  a l l  o f  t h e  u t i l i z e d  s u b s t r a t e  i s  i n c l u d e d  
i n  t h e  b i o m a s s .  M e t a b o l i z e d  s u b s t r a t e  u n d e r g o e s  t r a n s f o r m a t i o n s .  
The  m a j o r i t y  o f  m e t a b o l i z e d  s u b s t r a t e  i s  e x c r e t e d  i n  t h e  f o r m  
o f  w a s t e  p r o d u c t s ,  w h i l e  o n l y  a  s m a l l  p o r t i o n  i s  a b s o r b e d  i n t o  
t h e  o r g a n i s m s '  c e l l s  ( b i o m a s s ) .  I n  m o d e l i n g  p o p u l a t i o n  g r o w t h  
k i n e t i c s ,  u s i n g  M i c h a e l i s - M e n t e n  o r  Monod e x p r e s s i o n s ,  t h i s  
f e a t u r e  o f  t h e  o r g a n i s m s  i s  t a k e n  i n t o  a c c o u n t  by  means  o f  
i n t r o d u c i n g  a  s p e c i a l  c o n s t a n t ,  i . e .  t h e  y i e l d  c o e f f i c i e n t  Y .  
Table 20. Comparison of rate constants used for modeling bacterial dynamics (with literature 
data). 
A u t h o r s  o f  
E x p e r i m e n t s  
K n o w l e s  
e t .  a l .  
( 1 9 6 5 )  
T y p e  of Water 
D e  M a r c o .  
e t .  a 1  
( 1 . 9 6 7 )  
S e w a g e  
i::::::w 
( 1 9 4 1 )  
V o t i n t s e v  
( 1 9 4 8 )  
I B a c t e r i a  B i o m a s  . j ,ng ~ ; 1  
M A T 1 1 1  
S e a  Water 
L a k e  Water 
N i t r o s o m o n a s  0 . 0 6 5  
N i t r o b a c t e r  0 . 5  
l i c t c r o t r o p h s  ' 0 . 0 4  
B a c t e r i a  
- 
N l t r o s o r n o n a s  10.0015 
N i  t r o b a c t e r  0.008 
H e t e r o t r o p h s  1 0 . 0 4  
I n 1  t i a l  
N i t r o s o n o n a s  l0.01 -0.05 
N i  t r o b a c t e r  ;0 .015-0.01 
N i t r o s o m o n a s  
N i t r o b a c t e r  
H e t e r o t r o p h s  
N i  t r o s o m o n a s  
N i t r o h a c t e r  
f l e t e r o t r o p h s  I- 
N i t r o ~ o r n o n a s  
N i t r o b a c t e r  
i l e t e r o t r o p h s  
- 4  7 e 1 0 - 3  
0 - 1 0 - 5  
8 '10 
N i t r o s o m o n a s  
N ! . t r o b a c t s r  
H e t e r o t r o p h s  
N i t r o s o m o n a s  
N i t r o h a c  t c r  
I l e t c r o t r o p h s  
- 4  7 . 1 0  -3 
8.5 -1g5 
8.10 
M A T I C A L  M O D E L I N G  I 
- i n  g i v e n  
- / r e p o r t  1 
- 
i n  g i v e n  
r e p o r t  
Rof e r e n c  w &tM r 
mg N / 1  
0 . 7 - 1 . 2  H a r l e r n a n  
1: 7  O - O 6  1 1.. 1-1.8 ( 1 9 7 8 1  
I i lJ r I Y i e l d  d a y ^ '  1 I C o e f f i c i e n t  
0 - 0 0 2  0 . 4 9 5  - - i n  g i v e n  
0 . .002 0 . 4 9 7  - r e p o r t  
ii.091-0.145 2.474-2,546 - 
I i n  g i v e n  r e p o r t  . v e r s i o n  
0 . 0 5 8  
0 . 0 7 6  
1.139-2.576 
H a r l e r n a n  
( 1 9 7 8 )  
0 . 3 0 2  
0 . 2 6 6  
i 6.23-14 - 0 9  
0 .06  - 5 .6  
0.06 -8.7 
1.00 -181 
0.002-0.066 
0.002-0.076 
0.091-2.576 
- 
- 
. - 
i n  g!ven 
r e p o r t  
v e r s i o n  
0 . 4 6  -2.2 
0 .28  -1.44 
7.2 -17 
I 
. 0.03-0.13 I S h a r m a ,  
0.02-0.08 A h l e r t  
0 .37-0.79 1 ( 1 9 7 7 )  
0.382-1.11 
0.266-0.517 II 
0.322-14.09 i 
T h i s  p a r a m e t e r  shows  w h i c h  p o r t i o n  f r o m  t h e  t o t a l  t r a n s f o r m a t i o n  
o f  s u b s t r a t e  i s  bound t o  b i o m a s s  ( S h e r r a r d ,  S c h o e d e r ,  1973 ;  
H a r l e m a n ,  1 9 7 8 ) .  The r a n g e  o f  Y v a l u e s  f o r  d i f f e r e n t  o r g a n i s m s  
i s  p r e s e n t e d  i n  T a b l e  20 .  Y i s  a  p h y s i o l o g i c a l  c h a r a c t e r i s t i c  
o f  t h e  o r g a n i s m s  a n d  it c a n n o t  b e  c o n s i d e r e d  a s  a  c o n s t a n t  v a l u e  
b e c a u s e  it  d e p e n d s  o n  n u m e r o u s  e n v i r o n m e n t a l  f a c t o r s .  P e r h a p s  
Y c a n  b e  r e g a r d e d  a s  a  c o n s t a n t  o n l y  i n  a  l i m i t e d  i n t e r v a l  o f  
t i m e  m e a s u r e d  by  h o u r s  p r o v i d e d  t h e  e n v i r o n m e n t a l  c o n d i t i o n s  d o  
n o t  c h a n g e .  U s u a l l y  s u c h  c o n d i t i o n s  a r e  c r e a t e d  a n d  m a i n t a i n e d  
i n  m i c r o b i o l o g i c a l  r e a c t o r s  ( o r  c h e m o s t a t s )  . T h e r e f o r e ,  Y i s  
c o n s i d e r e d  t o  b e  c o n s t a n t  i n  m o d e l i n g  p o p u l a t i o n  g r o w t h  i n  s u c h  
e x p e r i m e n t a l  s y s t e m s ;  h o w e v e r ,  d u r i n g  t h e  g r o w t h  o f  t h e  
o r g a n i s m s  Y c h a n g e s  b y  4 . 5  t i m e s  f r o m  0 . 4 5  t o  0 .1  ( S h e r r a r d ,  
S c h o e d e r ,  1 9 7 3 ) .  I j e r u s a l i m s k y  ( 1 9 6 3 )  p r o p o s e d  some amendments  
f o r  a  k i n e t i c  model  o f  s u b s t r a t e  u t i l i z a t i o n  a n d  o r g a n i s m  g r o w t h  
by  u s i n g  Y .  H e  a s s u m e d  t h a t  t h e  t o t a l  s p e c i f i c  r a t e  o f  s u b s t r a t e  
u t i l i z a t i o n  p r o v i d e s  f o r  t h e  g r o w t h  o f  o r g a n i s m s  a n d  m a i n t a i n s  
t h e i r  n o r m a l  f u n c t i o n i n g  i n  s p i t e  o f  n u t r i e n t  l i m i t a t i o n s .  
I n  m o d e l i n g  e c o l o g i c a l  p r o c e s s e s  f o r  w a t e r  q u a l i t y ,  i t  i s  
v e r y  i m p o r t a n t  to i n c l u d e  i n  t h e  model  p a r a m e t e r s  f o r  d e s c r i b i n g  
m i c r o o r g a n i s m  d y n a m i c s ,  w h i c h  a r e  s e n s i t i v e  t o  a l l  c h a n g e s  i n  
t h e  e n v i r o n m e n t a l  c o n d i t i o n s .  The model  i t s e l f  m u s t  b e  c a p a b l e  
o f  r e p r o d u c i n g  t h e  main  o r g a n i s m  a c t i v i t i e s ,  i . e .  g r o w t h ,  
e x c r e t i o n  a n d  m o r t a l i t y .  T h e  d e s i r e  t o  c r e a t e  t h e  s i m p l e s t  
model  f o r  d e s c r i b i n g  a  p o p u l a t i o n  d o e s  n o t  a l w a y s  m e e t  t h e  
demands o f  e c o l o g i c a l  r e s e a r c h ,  w h e r e  t h e  i n f l u e n c e  o f  t h e s e  
p o p u l a t i o n s  c a n n o t  b e  d i s r e g a r d e d .  I n  m o d e l i n g  w a t e r  q u a l i t y  
p r o c e s s e s ,  i t  i s  n o t  s u f f i c i e n t  t o  c o n f i n e  o n e s e l f  t o  s t u d y i n g  
o n l y  c e r t a i n  o r g a n i s m  f u n c t i o n s ,  f o r  e x a m p l e ,  s t u d y i n g  o n l y  
t h e  c o n s u m p t i o n  o f  compounds ( H a r l e m a n ,  1 9 7 8 ) .  I n  e c o l o g i c a l  
m o d e l s  t h e  u s e  o f  c o e f f i c i e n t s  f o r  e x c r e t i o n  a l l o w s  u s  t o  
s i m u l a t e  t h e  p r o c e s s  o f  t r a n s f o r m a t i o n  o f  c h e m i c a l  compounds i n  
d e t a i l  ( A j z a t u l l i n ,  L e o n o v ,  1 9 7 5 a ,  b ;  Leonov ,  A j z a t u l l i n ,  ( 1 9 7 5 a , b )  . 
T h i s  r e p o r t  a l s o  c o n f i r m s  t h a t  w i t h  t h e  h e l p  o f  c o e f f i c i e n t s  
* 
f o r  e x c r e t i o n  a c t i v i t y  , n i t r o g e n  t r a n s f o r m a t i o n s  c a n  b e  
* p a r a m e t e r s  rB1,  r B2' ' ~ 3  
reproduced i n  v a r i o u s  w a t e r  media. The v a l u e s  o f  t h e s e  co- 
e f f i c i e n t s  f o r  d i f f e r e n t  phases  o f  b a c t e r i a l  growth a r e  g i v e n  
i n  Tab le  21. These c o e f f i c i e n t s  were o b t a i n e d  i n  modeling 
n i t r o g e n  t r a n s f o r m a t i o n s  i n  v a r i o u s  w a t e r  media w i t h  t h e  u s e  
o f  t h e  above mentioned e x p e r i m e n t a l  d a t a  ( D e  Marco e t  a l ,  1976; 
Knowles e t  a l ,  1965; Brand,  Rakestraw, 1941; V o t i n t s e v ,  1948) .  
The phases  o f  b a c t e r i a l  growth ( S c h l e g e l ,  1972) a r e  r e p r e s e n t e d  
by t h e  c u r v e s  r e f l e c t i n g  biomass changes .  Values  o f  t h e  y i e l d  
c o e f f i c i e n t  Y and e x c r e t i o n  a c t i v i t y  o f  b a c t e r i a  (rBi) c a n  be  
e x p r e s s e d  by t h e  f o l l o w i n g  s i m p l e  t e r m :  
where i = 1 ,  2 ,  3 f o r  Nitrosomonas,  N i t r o b a c t e r  and h e t e r o t r o p h s  
r e s p e c t i v e l y .  
A s  can be s e e n  from Tab le  21, t h e  e x c r e t i o n  a c t i v i t y  o f  
o rgan i sms  changes  t o  a  g r e a t  e x t e n t  n o t  o n l y  i n  d i f f e r e n t  water 
media,  b u t  a l s o  w i t h i n  a  c e r t a i n  phase  o f  p o p u l a t i o n  development .  
With abundant  n u t r i e n t s ,  t h e  l i b e r a t i o n  a c t i v i t y  o f  t h e  n i t r i f y -  
i n g  organisms i n  t h e  l ag -phase  can  be v e r y  h i g h ;  s i m u l t a n e o u s l y  
s m a l l  amounts of  consumed s u b s t r a t e  ( a b o u t  0.5-4%) are s p e n t  on 
c o n s t r u c t i n g  o rgan i sm ce l l s  w h i l e  t h e  remainder  o f  t h e  s u b s t r a t e  
i s  e x c r e t e d  i n t o  t h e  medium i n  a t r a n s f o r m e d  form. Such con- 
d i t i o n s  o f  n i t r i f y i n g  b a c t e r i a  growth w e r e  o b s e r v e d  i n  r i v e r  
w a t e r .  With a c o m p a r a t i v e l y  low c o n t e n t  o f  n i t r o g e n  compounds 
i n  t h e  medium, t h e  f r a c t i o n s  o f  s u b s t a n c e s  l i b e r a t e d  by n i t r i f y -  
i n g  b a c t e r i a  can d e c r e a s e ;  however,  v a l u e s  o f  e x c r e t i o n  a c t i v i t y  
have a v e r y  l a r g e  r a n g e  o f  v a r i a t i o n ,  i .e .  from 0.05 t o  0.95.  
I n  p e r i o d s  o f  i n t e n s i v e  development  o f  t h e  n i t r i f y i n g  b a c t e r i a  
( o r  l o g a r i t h m i c  growth p h a s e )  t h e i r  e x c r e t i o n  a c t i v i t y  f l u c t u a t e s  
w i t h i n  a smaller r a n g e  t h a n  i n  t h e  former  growth p h a s e ,  s i n c e  
t h e  a v e r a g e  amount o f  s u b s t r a t e  needed f o r  b iomass  growth i s  
l a r g e r .  Small  f l u c t u a t i o n s  o f  e x c r e t i o n  a c t i v i t y  are t y p i c a l  
f o r  t h e  s t e a d y - s t a t e  and m o r t a l i t y  p h a s e s  ( T a b l e  2 1 ) .  S i m u l a t i o n  
r e s u l t s  show t h a t  on t h e  whole h e t e r o t r o p h  e x c r e t i o n  a c t i v i t y  
f l u c t u a t e s  w i t h i n  a s m a l l  r a n g e .  I n  some c a s e s ,  t h e i r  v a l u e s  
T a b l e  2 1 .  Values  f o r  e x c r e t i o n  a c t i v i t y  o f  b a c t e r i a  ( m o d e l i n g ) .  
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can be  assumed t o  be  c o n s t a n t  f o r  t h e  whole p e r i o d  o f  p o p u l a t i o n  
development .  These v a l u e s  a r e  c l o s e  t o  0.32 f o r  sewage, 0.62 
f o r  r i v e r  w a t e r ,  and 0.75 f o r  s e a  w a t e r .  However, c o n d i t i o n s  
se t  f o r  h e t e r o t r o p h  developments  can  s i g n i f i c a n t l y  i n f l u e n c e  
t h e i r  e x c r e t i o n  a c t i v i t y .  For  i n s t a n c e ,  t h e s e  i n d e x e s  f o r  l a k e  
w a t e r  can  b e  assumed a s  c o n s t a n t  v a l u e s  ( a p p r o x i m a t e l y  0.62,  
v e r s i o n  1 )  o r  v a r i a b l e  v a l u e s  f l u c t u a t i n g  from 0.25 t o  0.81 
( v e r s i o n  2 )  . T h i s  c h o i c e  depends on  t h e  c o n t e n t  o f  o r g a n i c  
n i t r o g e n  i n  t h e  medium. 
The v a l u e s  o f  biomass a t  maximum (biomass  p e a k s )  and s t e a d y -  
s t a t e  l e v e l s  d i f f e r  approx imate ly  by 1.2 - 5  t i m e s  i n  v a r i o u s  
w a t e r s .  I t  s h o u l d  b e  n o t e d  t h a t  by i n t r o d u c i n g  a  pa ramete r  f o r  
t h e  e x c r e t i o n  a c t i v i t y  o f  o rgan i sms ,  t h e  model managed t o  a v o i d  
o b t a i n i n g  f a l s e  h i g h  biomass v a l u e s ,  which a r e  u s u a l l y  o b t a i n e d  
w i t h  s i m p l i f i e d  e c o l o g i c a l  models.  Biomass v a l u e s  i n  a l l  t h e  
w a t e r  media s t u d i e d  a r e  c o m p a r a t i v e l y  s m a l l .  For  example,  i n  
d i f f e r e n t  w a t e r s  h e t e r o t r o p h  b iomasses  f l u c t u a t e  d u r i n g  t h e  
i n t e r m e d i a t e  s t a g e s  o f  p o p u l a t i o n  growth from 0.05 t o  0.26 mg/R. 
The same p a r a m e t e r s  f o r  Nitrosomonas and N i t r o b a c t e r  e q u a l  
0 .03  - 0.6 mg/R and 0.05 - 0.16 mg/R, r e s p e c t i v e l y .  A t  s t e a d y -  
s t a t e  l e v e l s  h e t e r o t r o p h  and Nitrosomonas b iomasses  a r e  e q u a l ,  
less t h a n  0.1 mg/R i n  n a t u r a l  w a t e r ,  and f l u c t u a t e  from 0.16 t o  
0.6 mg/R i n  sewage. A s t e a d y - s t a t e  l e v e l  f o r  N i t r o b a c t e r  
development i s  n o t  r e a c h e d  i n  t h e  c a s e s  s t u d i e d .  
A s  a  r u l e ,  i n  s i m p l i f i e d  e c o l o g i c a l  models ,  b iomasses  o f  
b a c t e r i a  a r e  n o t  t a k e n  i n t o  a c c o u n t  f o r  c a l c u l a t i n g  mass b a l a n c e .  
Organisms a r e  c o n s i d e r e d  a s  fo rmal  p a r a m e t e r s  which a r e  i n t r o -  
duced i n t o  t h e  model o n l y  f o r  r e p r o d u c i n g  t h e  dynamics of  chemica l  
compounds. Sometimes, it i s  p o s s i b l e  t o  o b t a i n  more o r  less 
t r u e  p i c t u r e s  o f  t h e s e  dynamics (Harleman, 1978) .  However, it 
i s  h a r d l y  p o s s i b l e  t o  o b t a i n  r e s u l t s  t h a t  a r e  i n  agreement  w i t h  
t h e  e x p e r i m e n t a l  d a t a  f o r  t h e  whole p e r i o d  s t u d i e d .  T h e r e f o r e ,  
s i m p l i f i e d  models c a n  be  used o n l y  i n  l i m i t e d  s i t u a t i o n s .  More- 
o v e r ,  i n  e a c h  c a s e ,  it becomes n e c e s s a r y  t o  modify n o t  o n l y  t h e  
i n p u t  p a r a m e t e r s  b u t  a l s o  t h e  model s t r u c t u r e .  However, t h e  
a p p l i c a t i o n  o f  Model 2 f o r  s t u d y i n g  w a t e r  q u a l i t y  p r o c e s s e s  
a l l o w s  n o t  o n l y  t h e  r e p r o d u c t i o n  i n  d e t a i l  o f  changes  i n  chemica l  
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compound c o n c e n t r a t i o n s ,  b u t  a l s o  an  e v a l u a t i o n  o f  t h e  r o l e  o f  
i n d i v i d u a l  organisms i n  o x i d a t i o n .  
For example, F i g u r e  17 i l l u s t r a t e s  t h e  change o f  o x i d a t i o n  
* 
a c t i v i t y  o f  b a c t e r i a  i n  d i f f e r e n t  t y p e s  o f  w a t e r .  The g r e a t e s t  
a c t i v i t y  o f  h e t e r o t r o p h s  was obse rved  i n  sewage ( cu rve  1 ,  
F igure  1 7 a ) ,  w h i l e  w i t h  n i t r i f y i n g  b a c t e r i a ,  t h i s  o c c u r r e d  i n  
r i v e r  w a t e r  ( c u r v e s  2 and 3 ,  Figu re  1 7 b ) .  The s m a l l e s t  v a l u e s  
f o r  o x i d a t i o n  a c t i v i t y  o f  a l l  b a c t e r i a  w e r e  obse rved  i n  sea 
w a t e r  ( F i g u r e  1 7 c ) ,  where c o n c e n t r a t i o n s  o f  a l l  n i t r o g e n  com- 
pounds a r e  lower t h a n  i n  a l l  o t h e r  t y p e s  o f  w a t e r .  The a l t e r a -  
t i o n  o f  i n i t i a l  c o n d i t i o n s  i n  modeling n i t r o g e n  compound t r a n s -  
fo rmat ions  s i g n i f i c a n t l y  a f f e c t s  o x i d a t i o n  a c t i v i t i e s  by 
b a c t e r i a .  Thus, i n  t h e  c a s e  o f  l a k e  w a t e r  w i t h  d i f f e r e n t  
i n i t i a l  c o n c e n t r a t i o n s  o f  d i s s o l v e d  o r g a n i c  n i t r o g e n ,  v a l u e s  o f  
t h e  o x i d a t i o n  a c t i v i t y  o f  h e t e r o t r o p h s  and peak p e r i o d s  o f  
t h e s e  v a l u e s  va ry  ( cu r v e  1 ,  F i g u r e  17d, e)  . 
Values o f  b a c t e r i a l  o x i d a t i o n  a c t i v i t y  i n  t h e  d i f f e r e n t  
w a t e r  media may be  c o n s i d e r e d  q u i t e  r e l i a b l e  because  t h e  model 
ve ry  c l o s e l y  reproduced c o n c e n t r a t i o n  changes  i n  t h e  n i t r o g e n  
compounds a s  o b se r v ed  i n  exper iments .  However, one  canno t  s a y  
w i t h  c o n f id en ce  t h a t  v a l u e s  o f  biomasses and s p e c i f i c  r a t e s  o f  
s u b s t r a t e  consumption a r e  ve ry  a c c u r a t e l y  e s t i m a t e d  by t h e  model. 
To set  a c c u r a t e  estimates o f  t h e s e  v a l u e s  one  s h o u l d  have 
e x p e r i m e n t a l  d a t a  on biomass p o p u l a t i o n  changes  a s  w e l l  a s  d a t a  
on n i t r o g e n  compound c o n c e n t r a t i o n s .  
During r e c e n t  y e a r s  many a t t e m p t s  have been made t o  p r e d i c t  
t h e  i n f l u e n c e  o f  n i t r o g e n  t r a n s f o r m a t i o n s  on t h e  oxygen ba l ance  
o f  n a t u r a l  w a t e r s .  A t  p r e s e n t ,  t h e r e  a r e  d i f f e r e n t  models which 
d e s c r i b e  t h e  k i n e t i c s  o f  oxygen consumption c o n d i t i o n e d  by 
n i t r i f i c a t i o n  (Tuf fey  e t  a l ,  1974) .  The a p p l i c a t i o n  o f  Model 2 
and t h e  u se  o f  ex p e r i m en t a l  d a t a  on n i t r o g e n  t r a n s f o r m a t i o n  
( D e  Marco e t  a l ,  1967; Knowles e t  a l ,  1965; Brand, Rakestraw, 
1941; V o t i n t s e v ,  1948) g i v e  an o p p o r t u n i t y  t o  e s t i m a t e  t h e  
dynamics o f  b iochemica l  oxygen consumption (BOC) and t h e  dynamics 
* Produc t  o f  m u l t i p l i c a t i o n  o f  biomass on s p e c i f i c  r a t e  o f  
n u t r i e n t  uptake .  
o f  d i s s o l v e d  oxygen c o n c e n t r a t i o n  from t h e  p o i n t  o f  view o f  
n i t r o g e n  t r a n s f o r m a t i o n  i n  d i f f e r e n t  w a t e r s .  F i g u r e  18 shows 
BOC c u r v e s  f o r  ammonium o x i d a t i o n  ( c u r v e  1 )  and n i t r i t e  ox ida -  
t i o n  ( c u r v e  2 )  i n  d i f f e r e n t  w a t e r s .  The maximum amounts o f  
oxygen s p e n t  i n  o x i d i z i n g  ammonium and n i t r i t e  were o b s e r v e d  i n  
modeling f o r  r i v e r  w a t e r  ( F i g u r e  18a)  and t h e  l e a s t  f o r  s e a  
w a t e r  ( F i g u r e  1 8 b ) .  I n  s e a  w a t e r ,  t h e  p r e s e n c e  o f  decomposing 
p l a n k t o n  (0 .14  mg/R) i n c r e a s e s  by 1.5 t i m e s  t h e  amount o f  
oxygen used  f o r  o x i d a t i o n  o f  ammonium and n i t r i t e .  
S i m u l a t i o n  r e s u l t s  show t h e  dynamics o f  BOC f o r  o x i d i z i n g  
d i s s o l v e d  o r g a n i c  n i t r o g e n ;  t h e y  a r e  p r e s e n t e d  i n  F i g u r e  19 f o r  
d i f f e r e n t  w a t e r s .  For  a l l  t h e  p e r i o d s  s t u d i e d ,  t h e  l a r g e s t  
amount o f  oxygen used f o r  o r g a n i c  n i t r o g e n  o x i d a t i o n  w e r e  
observed  i n  s i m u l a t i o n  r u n s  f o r  sewage ( F i g u r e  19a)  and t h e  
l e a s t  amounts f o r  s e a  w a t e r  ( F i g u r e  1 9 b ) .  
The dynamics o f  BOC f o r  DON o x i d a t i o n  v a r y  i n  d i f f e r e n t  
w a t e r s  and t h e y  depend on t h e  p e c u l i a r i t y  o f  h e t e r o t r o p h  growth.  
I n  sewage, some d e l a y  i n  BOC dynamics i s  observed  d u r i n g  t h e  
f i r s t  few days  o f  w a t e r  i n c u b a t i o n .  BOC dynamics i n  sewage and 
r i v e r  w a t e r  show t h a t  t h e r e  i s  a  c o n s i d e r a b l y  h i g h  s t o r a g e  o f  
o r g a n i c  n i t r o g e n  i n  h e t e r o t r o p h i c  growth.  A f t e r  a n  i n i t i a l  
a d a p t i v e  p e r i o d ,  t h e  oxygen consumption d e v e l o p s  a t  t h e  r a t e  o f  
1 - 1 . 5  mg02/R/day f o r  10-30 days  i n  sewage and f o r  4-8 days  i n  
r i v e r  w a t e r .  I n  s e a  w a t e r ,  t h e  oxygen consumption s h a r p l y  s lows 
down a f t e r  . t h e  p e r i o d  o f  a c t i v e  h e t e r o t r o p h  growth,  which i s  
f i n i s h e d  by t h e  1 0 t h  day.  The oxygen consumption i n  s e a  w a t e r  
d u r i n g  10-70 day p e r i o d s  p roceeds  a t  t h e  r a t e  o f  0.106 mgO2/~/day 
( w i t h  decomposing p l a n k t o n )  and 0 .0  1 4  mg02/R/day ( i n  t h e  
absence  o f  p l a n k t o n )  ( F i g u r e  1 9 b ) .  The r a t e  o f  oxygen consump- 
t i o n  i n  l a k e  w a t e r  i s  h i g h e r  because  t h e  c o n c e n t r a t i o n  o f  DON 
i n  t h i s  sys tem i s  a l s o  h i g h e r .  I n  l a k e  w a t e r ,  d u r i n g  a  15-60 
day p e r i o d ,  t h e  oxygen consumption p roceeds  a t  a r a t e  o f  about  
0.35 mgO2/"/day ( v e r s i o n  1 )  and 0.25 mgO2/g/day ( v e r s i o n  2 )  
( F i g u r e  19c)  . 
I t  s h o u l d  be n o t e d  t h a t  Model 2 r e f l e c t s ,  a s  i s  a l r e a d y  
known from p u b l i s h e d  l i t e r a t u r e ,  t h e  p e c u l i a r i t i e s  o f  BOC 
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dynamics, whose i n t e n s i t y  depends upon organism r e s p i r a t i o n  
* 
and s u b s t r a t e  t y p e s  ( F a r c a s ,  1973) .  S imu la t i on  r e s u l t s  show 
t h a t  i n  a n a l y z i n g  BOC d a t a  k i n e t i c s ,  formal  s u b d i v i s i o n  o f  BOC 
i n t o  s e p a r a t e  s t a g e s  i s  q u i t e  j u s t i f i e d  (Leonov, 1974) .  The 
oxygen consumption by organisms s h a r p l y  s lows down w i t h  n u t r i e n t  
l i m i t a t i o n .  Model 2  r e p r e s e n t s  t h e  s o - c a l l e d  s t a g e  o f  
endogenous BOC (Brouzes,  1972; Gaudy, 1976) . 
Modeling a l s o  shows t h a t  d a t a  on BOC k i n e t i c s  can  g i v e  
more u s e f u l  i n f o r m a t i o n  on t r a n s f o r m a t i o n  dynamics o f  d i s s o l v e d  
o r g a n i c  m a t t e r  (DOM) t h a n  even expe r imen t a l  measurements o f  DOM 
c o n c e n t r a t i o n s .  For example, on  t h e  b a s i s  o f  c u r v e s  r e p r e s e n t -  
i n g  DON c o n c e n t r a t i o n  changes ( F i g u r e s  10,  13 ,  15,  and 16) it 
i s  h a r d l y  p o s s i b l e  t o  draw c o n c l u s i o n s  abou t  t h e  a b i l i t y  o f  t h i s  
compound t o  w i t h s t a n d  b a c t e r i a l  decomposi t ion  a f t e r  e x p i r a t i o n  
o f  t h e  f i r s t  few days .  DON c o n c e n t r a t i o n  f a l l s  s l owly  i n  
sewage ( F i g u r e  1 0 ) .  A low r a t e  o f  DON c o n c e n t r a t i o n  d e c r e a s e  
i s  e s t a b l i s h e d  i n  s e a  w a t e r  a f t e r  a  20 day p e r i o d  ( F i g u r e  1 3 ) ,  
i n  l a k e  w a t e r  a f t e r  a  30 day p e r i o d  ( v e r s i o n  1 )  o r  a f t e r  a 10 
day p e r i o d  ( v e r s i o n  2 )  ( F i g u r e  1 5 ) .  A s  a  m a t t e r  o f  f a c t ,  
h e t e r o t r o p h i c  b a c t e r i a  c o n t i n u e  t o  m e t a b o l i z e  t h e  l a b i l e  m a t t e r  
and u t i l i z e  oxygen. Using o n l y  expe r imen t a l  measurements o f  
DOM c o n c e n t r a t i o n ,  it i s  v e ry  d i f f i c u l t  t o  r e v e a l  t h i s ,  s i n c e  
t h e  b a c t e r i a l  u t i l i z a t i o n  o f  DOM i s  ba lanced  by i t s  i n t a k e ,  a t  
t h e  expense  o f  organism m e tabo l i c  l i b e r a t i o n s  and t h e  decomposi- 
t i o n  o f  p a r t i c u l a t e  m a t t e r .  
Disso lved  oxygen c o n t e n t ,  which depends i n  n a t u r a l  w a t e r  
on r e - a e r a t i o n  and b iochemica l  oxygen consumption,  i s  used a s  
a  c r i t e r i a  o f  w a t e r  q u a l i t y  and f o r  e v a l u a t i n g  t h e  a b i l i t y  o f  
o r g a n i c  m a t t e r  t o  decompose. I n  e s t i m a t i n g  w a t e r  q u a l i t y  i n  
n a t u r a l  c o n d i t i o n s  by means o f  models ,  t h e  t a s k  i s  t o  e s t i m a t e  
t h e  upper and lower  bounds o f  v a r i a t i o n s  i n  oxygen c o n c e n t r a t i o n  
and t o  a s s e s s  BOC v a l u e s  w i t h i n  a  g iven  r ange  o f  p o l l u t a n t  con- 
c e n t r a t i o n s ;  t h e  S t r e e t e r - P h e l p s  model and i t s  m o d i f i c a t i o n s ,  
have been used f o r  d e s c r i b i n g  oxygen c o n t e n t  d e c r e a s e  and f o r  
s i m u l a t i o n  o f  t h e  oxygen s a g  ( A j z a t u l l i n ,  Lebedev, 1977) .  I n  
* S u b s t r a t e  a r e  su b d i v i d ed  i n t o  l a b i l e ,  s t a b i l e  and t o x i c a l .  
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t h i s  r e p o r t ,  t h e  c u r v e  o f  oxygen c o n t e n t  was reproduced  u s i n g  
e x p e r i m e n t a l  d a t a  o b t a i n e d  by d i f f e r e n t  a u t h o r s  i n  s t u d y i n g  
n i t r o g e n  t r a n s f o r m a t i o n s .  
F i g u r e  20 shows s i m u l a t i o n  r e s u l t s  which r e f l e c t  t h e  
changes o f  d i s s o l v e d  oxygen c o n c e n t r a t i o n  i n  v a r i o u s  w a t e r s .  
The d e c r e a s e  o f  oxygen c o n t e n t  i n  sewage and r i v e r  w a t e r  was 
caused by s i g n i f i c a n t  consumption d u r i n g  t h e  o x i d a t i o n  o f  
ammonium and n i t r i t e  ( F i g u r e  2 0 a ) ,  w h i l e  i n  s e a  and  l a k e  w a t e r  
t h i s  d e c r e a s e  i s  caused  by o x i d a t i o n  of o r g a n i c  n i t r o g e n  
( F i g u r e s  20b, c ,  d ) .  D i s s o l v e d  oxygen c o n t e n t  d e c r e a s e s  t o  
0.1 mg02/R w i t h i n  6-7 days  i n  sewage and w i t h i n  4 - 5  d a y s  i n  
r i v e r  w a t e r .  I n  s e a  w a t e r  t h e  oxygen c o n t e n t  f a l l s  from t h e  
s a t u r a t i o n  l e v e l  (9 .2  mg02/R) t o  8.5 mg02/R ( w i t h  decomposed 
p l a n k t o n )  and t o  8.66 mgo2/R ( w i t h o u t  p l a n k t o n )  ( F i g u r e  2 0 b ) .  
I n  l a k e  w a t e r ,  t h e  oxygen c o n t e n t  d e c r e a s e s  t o  8.1 mgo2/R 
( v e r s i o n  1 )  and t o  7.1 m g o 2 / k  ( v e r s i o n  2 )  ( F i g u r e s  20c,  d l .  
These modeling r e s u l t s  show t h a t ,  on  t h e  whole,  i n  sewage, 
s e a  and l a k e  w a t e r ,  a e r o b i c  c o n d i t i o n s  a r e  m a i n t a i n e d  w i t h  t h e  
r a t e  c o n s t a n t  o f  r e - a e r a t i o n  b e i n g  G l  = 1.25 day- ' .  his v a l u e  
o f  r a t e  c o n s t a n t  was t a k e n  from t h e  r e p o r t  o f  S o r n b e r g e r  and 
Keshavan ( 1 9 7 3 ) .  For  m a i n t a i n i n g  a e r o b i c  c o n d i t i o n s  i n  e x p e r i -  
ments w i t h  r i v e r  w a t e r ,  t h e  r a t e  o f  r e - a e r a t i o n  must be  i n c r e a s e d .  
Such c o n d i t i o n s  would be  p r e s e r v e d  i f  t h e  r e - a e r a t i o n  c o e f f i c i e n t  
- 1  G 1 7  = 3  day . The oxygen c o n t e n t  i s  r e s t o r e d  by r e - a e r a t i o n .  
A f t e r  t h e  r e s t o r a t i o n  p r o c e s s  i s  comple ted ,  t h e  oxygen c o n t e n t  
i n  r i v e r ,  s e a  and l a k e  w a t e r  w i l l  be  c l o s e  t o  t h e  l e v e l  o f  
s a t u r a t i o n .  I n  sewage, t h e  oxygen c o n c e n t r a t i o n  is less t h a n  
t h e  s a t u r a t i o n  l e v e l  by a n  amount 1 .7  mg/t ( F i g u r e  2 0 a ) .  T h i s  
f a c t  shows how i n t e n s e  p r o c e s s e s  of  o x i d a t i o n  a r e  i n  sewage 
d u r i n g  t h e  whole p e r i o d  s t u d i e d .  I n  s e a  w a t e r  w i t h  decomposed 
p l a n k t o n ,  t h e  oxygen c o n t e n t  a f t e r  r e s t o r a t i o n  i s  0.2  mg/R less 
t h a n  i n  t h e  same w a t e r  w i t h o u t  p l a n k t o n .  I n  l a k e  w a t e r ,  t h e  
r e s t o r e d  oxygen c o n t e n t  e q u a l s  8.9 - 9  mg/R depending upon 
which v e r s i o n  o f  t h e  model i s  used ( F i g u r e s  20c, d ) .  
8 .  SUMMARY AND CONCLUSIONS 
The m a t h e m a t i c a l  models  o f  n i t r o g e n  t r a n s f o r m a t i o n  
p r e s e n t e d  i n  t h i s  r e p o r t  c a n  b e  u s e d  f o r  s o l v i n g  d i f f e r e n t  
p rob lems  i n  w a t e r  q u a l i t y  a s s e s s m e n t  and  f o r  a n a l y z i n g  t h e  s t a t e  
o f  w a t e r  b o d i e s .  These  models  c a n  b e  a p p l i e d  i n  c o n n e c t i o n  w i t h  
v a r i o u s  o b j e c t i v e s  o f  r e s e a r c h  and  f o r  s o l v i n g  g i v e n ,  s p e c i f i c  
p rob lems .  The p o s s i b i l i t i e s  f o r  model a p p l i c a t i o n s  i n  d e s c r i b -  
i n g  w a t e r  q u a l i t y  p rob lems  h a s  been  d e m o n s t r a t e d  i n  t h i s  r e p o r t  
by compar i sons  w i t h  e x p e r i m e n t a l  d a t a .  Complex e c o l o g i c a l  models  
o f  b i o g e o c h e m i c a l  c y c l e s  o f  n i t r o g e n ,  which a c c o u n t  f o r  b i o l o g i c a l  
p r o c e s s e s ,  c a n  b e  used  i n  p r a c t i c e  f o r  many t y p e s  o f  p rob lems  
e n c o u n t e r e d  by s c i e n t i s t s  i n  c o n n e c t i o n  w i t h  t h e  s t u d y  o f  w a t e r  
r e s o u r c e s  and  t h e i r  r a t i o n a l  u s e .  The models  f o r  n i t r o g e n  
t r a n s f o r m a t i o n  p r e s e n t e d  i n  t h i s  r e p o r t  may b e  u s e d  f o r  complex 
s t u d i e s  o f  q u e s t i o n s  o f  w a t e r  q u a l i t y ,  e s p e c i a l l y  f o r  s u c h  
p rob lems  a s  ( 1 ) c h e m i c a l  and  b i o c h e m i c a l  t r a n s f o r m a t i o n  o f  
o r g a n i c  and  m i n e r a l  n i t r o g e n  compounds; ( 2 )  f o r m a t i o n  o f  
p a r t i c u l a t e  o r g a n i c  n i t r o g e n  and  i t s  t r a n s f o r m a t i o n  t o  d i s s o l v e d  
o r g a n i c  n i t r o g e n ;  ( 3 )  u t i l i z a t i o n  o f  n i t r o g e n o u s  m a t t e r  by 
p l a n k t o n ,  i n c l u d i n g  a c c o u n t i n g  f o r  t h e i r  p r e f e r e n c e  f o r  d i f f e r e n t  
n i t r o g e n o u s  compounds; ( 4 )  t r o p h i c  i n t e r r e l a t i o n s h i p s  between 
p l a n k t o n  g r o u p s ;  ( 5 )  b i o c h e m i c a l  oxygen consumpt ion  f o r  o x i d i z i n g  
o r g a n i c  a n d  m i n e r a l  n i t r o g e n  compounds and  f o r  o r g a n i s m  r e s p i r a -  
t i o n ;  ( 6 )  p h o t o s y n t h e t i c  p r o d u c t i o n  o f  oxygen and  o r g a n i c  m a t t e r  
by p h y t o p l a n k t o n ;  ( 7 )  a s s i m i l a t i o n  o f  p a r t i c u l a t e  o r g a n i c  m a t t e r  
by z o o p l a n k t o n ;  ( 8 )  i n f l u e n c e  o f  t e m p e r a t u r e  and  l i g h t  on 
p l a n k t o n  b e h a v i o r ;  ( 9 )  i n f l u e n c e  o f  t e m p e r a t u r e  o n  t h e  r a t e  o f  
c h e m i c a l  and  b i o c h e m i c a l  t r a n s f o r m a t i o n  o f  n i t r o g e n o u s  compounds. 
The models  c o n s i d e r e d  i n  t h i s  r e p o r t  c o n t a i n  numerous 
d i f f e r e n t  c o e f f i c i e n t s .  T h e r e f o r e  it i s  d i f f i c u l t  t o  e s t i m a t e  
them. Wi thou t  u n d e r s t a n d i n g  t h e  f u n c t i o n  o f  t h e s e  c o e f f i c i e n t s  
and  t h e  mechanisms o f  t r a n s f o r m a t i o n  o f  n i t r o g e n  compounds, o n e  
c a n  n o t  u s e  t h e s e  models  i n  p r a c t i c a l  s t u d i e s .  S p e c i a l  s i m p l i -  
f i c a t i o n s  o f  t h e s e  complex models  may b e  e a s i l y  made. Thus,  
t h e  r e s e a r c h e r  can  s t u d y  s e p a r a t e  t r a n s f o r m a t i o n  f l o w s  o f  t h e  
o v e r a l l  n i t r o g e n  c y c l e  w i t h o u t  d i s t u r b i n g  t h e  t r a n s f o r m a t i o n  
mechanisms o f  i n d i v i d u a l  n i t r o g e n  compounds. S i m p l e  models  do 
n o t  have such p o s s i b i l i t i e s  because  o f  t h e  l i m i t e d  i n f o r m a t i o n  
used i n  them. They o n l y  reproduce  t h e  main p r o p e r t i e s  and 
c h a r a c t e r i s t i c s  o f  r e a l  sys tems  which t e n d  t o  b e  o n l y  t h o s e  
f e a t u r e s  o f  impor tance  f o r  decis ion-making w i t h  t h e  l i m i t e d  
o b j e c t i v e s  a p p l i e d  t o  w a t e r  q u a l i t y  problems.  A t  t h e  same t i m e ,  
everyone s t r i v e s  t o  r e c e i v e  a s  comple te  i n f o r m a t i o n  a s  p o s s i b l e  
on t h e  s t a t e  o f  w a t e r  q u a l i t y ,  u s i n g  r e l a t i v e l y  few p a r a m e t e r s .  
Thus, t h e  a p p l i c a t i o n  o f  s i m p l e  models does  n o t  i n  p r a c t i c e  g i v e  
any advan tages  i n  s t u d y i n g  and u n d e r s t a n d i n g  e c o l o g i c a l  p r o c e s s e s  
i n  n a t u r a l  c o n d i t i o n s  because  i n  e a c h  i n d i v i d u a l  c a s e ,  s i m p l e  
models have t o  be modi f i ed  i n  o r d e r  t o  f i t  t h e  s p e c i f i c  con- 
d i t i o n s  o f  any g i v e n  s t u d y .  
The methods o f  sys tems  a n a l y s i s ,  a s  used  h e r e ,  and a  know- 
l e d g e  o f  t h e  mechanisms o f  chemica l  m a t t e r  t r a n s f o r m a t i o n s ,  
a l l o w  t h e  c o n s t r u c t i o n  o f  d e t a i l e d  models f o r  s o l v i n g  w a t e r  
q u a l i t y  problems i n  a q u a t i c  sys tems.  The r e a l i z a t i o n  o f  t h e s e  
models on computers  o f f e r s  t h e  p o s s i b i l i t y  o f  s i m u l a t i n g  n a t u r a l  
a q u a t i c  sys tem b e h a v i o r  i n  a  b road  spec t rum o f  media s t a t e ;  
t h u s ,  it i s  p o s s i b l e  t o  s o l v e  d i f f e r e n t  q u e s t i o n s  o f  w a t e r  
q u a l i t y  a s s e s s m e n t  by u s i n g  c h e m i c a l ,  b i o l o g i c a l  and p h y s i c a l  
f e a t u r e s  o f  t h e  sys tem.  
I n  t h i s  r e s p e c t ,  i t  i s  shown t h a t  models ,  c o n s t r u c t e d  on 
t h e  b a s i s  o f  t h e  t r a n s f o r m a t i o n  mechanism o f  chemica l  compounds, 
have a  much g r e a t e r  s i m u l a t i o n  c a p a b i l i t y .  However, a t  t h e  
p r e s e n t  t i m e ,  t h e s e  models c a n n o t  be c o n s i d e r e d  c o m p l e t e l y  
a d e q u a t e  f o r  t h e  e c o l o g i c a l  p r o c e s s e s  which t h e y  d e s c r i b e ,  
a l t h o u g h  t h e y  s i m u l a t e  n i t r o g e n  compound t r a n s f o r m a t i o n  i n  some 
d e t a i l .  The a p p l i c a t i o n  o f  t h e s e  models c a n  be r e g a r d e d  a s  a  
s u c c e s s f u l  e x e r c i s e  i n  modeling complex o x i d a t i o n  p r o c e s s e s .  
The absence  o f  m u l t i - f a c e t e d  e x p e r i m e n t a l  o b s e r v a t i o n s  s p e c i a l l y  
performed f o r  d e t e r m i n i n g  t h e  bounds o f  model adequacy,  impedes 
t h e  development  o f  a p p l i e d  r e s e a r c h  i n  w a t e r  q u a l i t y  modeling.  
There  i s ,  i n  p a r t i c u l a r ,  l i t t l e  knowledge o f  t h e  c o n c e n t r a t i o n  
o f  b i o l o g i c a l  compounds. To a  g r e a t  e x t e n t  t h i s  f a c t  impedes 
t h e  q u a n t i t a t i v e  e s t i m a t i o n  o f  t h e  model p a r a m e t e r s  t h a t  d e s c r i b e  
t h e  p h y s i o l o g i c a l  f e a t u r e s  o f  t h e s e  b i o l o g i c a l  p o p u l a t i o n s .  A t  
p r e s e n t ,  t h e  v a l u e s  o f  t h e s e  c h a r a c t e r i s t i c s  a r e  s e l e c t e d  so 
t h a t  s i m u l a t i o n  r e s u l t s  m a t c h  e x p e r i m e n t a l  d a t a  o n  c o n c e n t r a t i o n  
c h a n g e s  o f  c h e m i c a l  compounds .  
The c o m p l e x  e c o l o g i c a l  m o d e l s  p r e s e n t e d  h e r e ,  c a n  a l s o  b e  
a p p l i e d  f o r  c o n s t r u c t i n g  m o d e l s  o f  combined  b i o g e o c h e m i c a l  
c y c l e s  o f  c a r b o n ,  p h o s p h o r o u s  a n d  o x y g e n  a n d  f o r  s i m u l a t i n g  
a q u a t i c  e c o s y s t e m  b e h a v i o r  a n d  t h e  p r o c e s s e s  o f  s e l f - p u r i f i c a t i o n .  
9 .  PROSPECTS FOR FUTURE RESEARCH A T  IIASA 
I n  r e c e n t  y e a r s  l a r g e - s c a l e  m o d e l s  h a v e  b e e n  d e v e l o p e d  f o r  
s i m u l a t i n g  p r o c e s s e s  u n d e r  c o n d i t i o n s  t h a t  are  v e r y  n e a r  t o  
r e a l i t y  ( B e r n i e r ,  R u s z n i e w s k i ,  1971 ;  B l o o m f i e l d  e t  a l ,  1973;  
S a n d e r s ,  F a l k o ,  1 9 7 3 ) .  Such  m o d e l s  a r e  u s e d  f o r  p r e d i c t i n g  t h e  
d y n a m i c s  o f  p u r i f i c a t i o n  a n d  t h e  e f f e c t s  o f  p o l l u t a n t s  o n  
e c o l o g i c a l  s y s t e m s .  D u r i n g  t h e  f i r s t  s t a g e s  o f  d e v e l o p m e n t  
s u c h  m o d e l s  may b e  c o n s i d e r e d  a s  a l i n k  b e t w e e n  s t u d i e s  o f  micro- 
s c a l e  p r o c e s s e s  u n d e r  l a b o r a t o r y  c o n d i t i o n s  a n d  m a c r o s c a l e  p r o -  
cesses u n d e r  n a t u r a l  c o n d i t i o n s  ( A j z a t u l l i n ,  L e b e d e v ,  1 9 7 7 ) .  
T h e s e  m o d e l s  h a v e  b e e n  d e v e l o p e d  s p e c i f i c a l l y  f o r  e v a l u a t i o n  o f  
t h e  a d e q u a c y  o f  l a b o r a t o r y  e x p e r i m e n t s  i n  s t u d i e s  o f  n a t u r a l  
phenomena.  However,  a s  i t  h a s  b e e n  n o t e d  i n  a v e r y  d e t a i l e d  
r e v i e w  o f  m a t h e m a t i c a l  m o d e l s  by A j z a t u l l i n ,  L e b e d e v  ( 1 9 7 7 ) ,  
s u f f i c i e n t  c r i t e r i a  f o r  model  a d e q u a c y  h a v e  n o t  y e t  b e e n  
e s t a b l i s h e d .  T h r e e  c r i t e r i a  o f  model  a d e q u a c y  c a n  however  b e  
r e c o g n i z e d  a s  m o s t  r e p r e s e n t a t i v e  ( P o l l a k ,  1 9 6 9 )  : 
1 .  c o i n c i d e n c e  o f  e x p e r i m e n t a l  d a t a  t o  s i m u l a t i o n  r e s u l t s ;  
2 .  a c c o r d a n c e  o f  s i m u l a t i o n  r e s u l t s  w i t h  i n d i r e c t  e s t i m a -  
t i o n s  w h i c h  are  n o t  t a k e n  i n t o  a c c o u n t  i n  model  
i d e n t i f i c a t i o n ;  
3 .  i n d e p e n d e n c e  o f  r a t e  c o n s t a n t  v a l u e s  o f  i n d i v i d u a l  
s t a g e s  f r o m  i n p u t  c o n c e n t r a t i o n  v a l u e s .  
F o r  model  v e r i f i c a t i o n  t h e  u s e  o f  a l l  t h r e e  c r i t e r i a  i s  
o b l i g a t o r y .  I t  i s  a b s o l u t e l y  e s s e n t i a l  f o r  u n d e r s t a n d i n g  t h e  
a d e q u a c y  o f  a  model  a n d  f o r  d e t e r m i n i n g  t h e  r e a l  b o u n d s  o f  i t s  
a p p l i c a t i o n  ( A j z a t u l l i n ,  L e b e d e v ,  1 9 7 7 ) .  A t  p r e s e n t  t h e  
c r i t e r i a  o f  a d e q u a c y  a r e  n o t  u s e d ,  o r  o n l y  o n e  o f  t h e  c r i t e r i a  
i s  a p p l i e d ,  f o r  i n s t a n c e ,  i n  c h e c k i n g  t h e  a g r e e m e n t  b e t w e e n  










